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(X 't - X 5zI of eO (X4j - n) o for an averaed vibr

.MA (B 311- X 3 ) of Ti.With teexception of the vibrational-rota-
-tional. band system of the ground state of A10, the calculated data are

probably accurate to within a factor-of' two.* An examination of' the lo-
Catoan of the excited state curves for A10 and TiO relative to AlO+ and
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study of' U0 2 aud U02+ using a multiple-scattering XO approach indicates

bA Positive ion is stable In a linear D., configuration. The lowest
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SUISEAT

The~ release of cert~ain chemical species into the qWer atmosphere resu~lts

ia lumi~nous clouds that display the resonance electronic-vibrational-rotation

spectrumn of' the released species. Such spectra are seen in rocket releases

if' !hemicals for upper atmospheric stadies and upon reentry into the at-

mosphere of artificial satellites and missiles. Of0 particular interest in

,his c~onawee ion is the obsenred spectra of certain -meta24ic--oxides. Frau

band int~en~ity dist~ribte~io: o'" :.he spct.ra,, and knowledge of the f-values
for el-c-ctrouie and vibrationge2. trwsitln,tw oa corditions o theat

mosphere _ýc be det~ellvner..

Prtzent 'heore 4 .ical. w~f:t hich sire dirx"'ted tovard a mor'e complete

find realisti-! analys;.s -., !,he tarispvrt equations goverirdag atmospheric re-
1a~~~~cat~~~ion'u ',d top~~ ca .Ca~i~~.~ trubances require detailed in

forr'at. on r.,f therzal npa.,iJ*t~j and LIT *Fcbrption in regicns of tewerature

and presisure Where moleNetu1~r effects are important. Becamse of inherent

difficuilties in the experimental dct~ermination o' such properties,, a theo-

reti1cal program 4for. calculaL2.L'a loand. absorption MAn emission coefficients

was initiated.. 7his theoretical programi is based on current q~uantum mechan'-

i!ltechniques camd appbilities :frdtriln lczucandvirtoa

ý rans i-Aon probabilities.

Calculations have been pý.rformerz,£o bsnd-t -;ul traneitlan pi,,babili ties.

The 3ystems under study were -U-O. 410~, U~,tO , T n i.Electronic wave-

P'ncltioru have bftn aownx?!tr-,td fo.- seI.!cnted .otates of these molecules and

..xPectation values of the *1.ecTr-onj energyý a&, electric dipole transition

moments have been calculatedL. The calrulp-ted electric dipole transition

momen.a wre combined with accurate nimeri.~a iraonlotional wave-

funtions, basd on M potential funat.-Ios, to yield estimates of the

system f-num~bers,, boAd strenths wAn int~egrated 111 band absorption coef-

fic ients. Deta are presented f'or t;ýe t~ransitions (x -x ) anid

M161
2 + 2



5 5 + +4 4+CZ I Z n XXofKO XJ7 Xa fU
for an averaged vibrational-rotational band aystem of UO., and (X A -x

3  ,
(A *~')a~(B~7..3A ) ofTiO. With theeexception of the vi-.

- -- brational-rutationa band system of the ground State of AlO., the calculated
data are Probably accurate to within a factor of two. An examination of' the
location of the excited state curves for AlO and TiG relative to AlO+ and

",i+TiC ndicates that discaiereobnto will occur in both of these
* ~systems for both .thex'mal and higher energy electrons. A linulted study of

-Uo, and UO,+uin multiple-scattering 0apocincleshtte

positive ion is stable in a linear D... configuration. "lie lowest, order
symmetry of UC) is not well defined within this approximation. Further more2
detailed theoretical studies of AIO are irdicated as a rcesult of this investi-

L.A.gation. Exprimental spectroscopi~c studies of Fe') are in progress and a final
resolution of the properties of this system should be possible in the near

future..
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SECTION I

INTODUCTION

The relemse of certain chemical species into the upper atmosphere re-

sults in luminous clouds that display the resonance electronic-vibrational-

rotation spectr:m of the' icleased species. Such spectra are seen in rocket

rtleases of chemicals for upp,:!" atmospheric studies and upon reentry into

-hý atmosphere cof ar- Af17 - attJlirt-s and c~ziles. Of particular interest

"n this connection .s thL ubsf.rved spectra of certain metallic oxides. From

banid intensity distribution of the spectra, and knowledge of the f-values for

ele.tronic and vibrational transitions, the local conditions of the atmosphere

can be determined (ref. 1).

Present theoretical efforts, which are directed toward a more complete

and realistic analysis of the transport equations governing atmospheric

relaxation and the propagation of artifical disturbances, require detailed

information of thermal opacities and IMIR absorption in regions of tempera-

ture and pressure where both atomic and molecular effects are important

(refs. 2 and 3). Although various experimental vechniques have been employed

for both atomic and molecular systems, theoretical studies have been largely

confined to an analysis of the properties (bound-bomAd, bound-free and free-

free) of atomic systems (refs. 4 and 5). This has been due in large part to

the unavailability of reliable wavefunctions for diatomic molecular systems,

and particularly for excited states or states of open-shell structures. Only

recently (rafs. 6-8) have reliable procedures been prescribed for such systems

which have resulted in the development of practical computational programs.

Because of inherent difficulties in the experimental determination of

transition probabilities for metal oxide systems and in light of the afore-

mentioned recent progress aLn the ab initio calculation of electronic wave-

functions for diatomic sys tems, a research program was initiated and under-

15 P3o w Aclbo Copy



07 77rirýrr4rt..... 774

taken in or d er to assees the reliability of theoretically predicting di-

atomic transition probabilities. The systems studied under this program in-

cluded the blue-green system and vibrational-rotational transition of aluminum

oxide, the vibrational-rotational systems of lithium oxide, iron oxide, urani-

um oxide and TO. In the cases of FeO and LiO, transitions were also calculat-

ed between the ground state and an upper state defined from an analysis of

the electronic wavefunctions, as the state giving rise to the strongest transi-

tion. All of these band systems arise from transitions between electronic

molecular states characterized over a wide range of internuclear separations

by smooth unperturbed potential curves. For such systems, the electronic

transition moment is a slowly varing function of internuclear separation and

can often be factored fro• the total transition moment integral. This slowly

varying R-dependence can often be accounted for by use of the empirical R-

centroid approximation. However, m&ay molecular b&,d" systems, arise from

transitions between perturbed electronic states. The origin of these pertur-

bations msV be an avolded crossing or -a mixing of nearly degenermte electronic

states at some particular internuclear aepamtion. For such molecular systems,

the to.0L transition moment cannot be cast into a factored form, and a

direct calculation of the bad. strengths.must be performed.

' The genmral cocposition of this report is aa follows. in section 11,

we present a review of tbe current status of quantums woUnical oaleulattions

for zolecular systems. •is is folloed by section MX-hich deals with a

description of tbe mathematical methods vhich were ez*loyed in this research.

It lnded in section -. TU ame sub-sections uhich deal with the constrution of

electronic w*.fUIvr tIomzs the calculatioos of epeetatica yroperties, and th

evaluation of molecular transition InvbAbilitles. %be calculAted results and

-pertinet aiswsimz ar presented in secti.n IV. -cbnical pap.ro .Mch
b,%~ve reujted..frcnthtse ýreaearct studies awe preseuttA In the apeWdiez-
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SECTION II

CURR1W STATUS OF QUANITUM ME•HANICAL
ME•ffOID FOR DIA-TWIC SYSTEMS

The application of quantum mechanical methods to the prediction of

electronic structure has yielded much detailed information about atomic and

molecular properties (ref. 9). Particularly in the past few years, the

availability of high-speed computers with large storage capacities has made

it possible to exmlne both atomic and molecular system using an ab initio

approach, wherein no empirical parameters are employed (ref. 10). Ab initio

calculations for diatomic molecules emp]W a Hamiltonian based on the non-

relativistic electrostatic interaction of the nuclei and electrons. and a

wavefunction formed by antisyinetrizing a suitable many-Plectron function of

spatial and spin coordinates. For most applications it is also necessary

that the vavefunction represent a particular spin eigenstate and that it have

appropriate geometrical symetry. Nearly all the calculations performed to

date are based on the use of one-electron orbitals and are of two types:

Hartree-Fock or configuration interaction (ref. 11).

Hartree-Fock calculations are based on a single assignment of electrons

to spatial orbitals, following which the spatial orbitals are optimized,

usually subject to certain restrictions. Almost all Hartree-Fock calculations

have been subject to the assumption that the diatomic spatial orbitals are all

doubly occupied as nearly as possible, and are all of definite geometrical

symetry. These restrictions define the conventional, or restricted, Hartree-

Fock (RBF) method (refs. 12 and 13). Restricted Hartree-ock calculations

can be made with relatively large Slater-type orbital (STO) basis sets for

diatonic molecules with first or second-rowatoms, and the results are con-

vergent in the cense that they are insensitive to basis enlargement. The

RMF model is adequate to give a qualitatively correct description of the
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.0ec t1-o0 irit,-raction in many systems and in favorable cases can yield

equillbrit=u interatomic separations and force constants. However, the double-

o.cupaony -otrict ion makes the RHF method inappropriate in a number of cir-

cum.ýIancr*s of practi•cal interest. In particular, it cannot provide potential

curves ior molecules dissociating into odd-electron atoms (e.g., A1O at large

int~-rnuc!tsr separation) or into atoms having less electron pairing than the
o2 + 2orit:-ýkal molecule, e.g., A].-- Al. ( P) + 0 (7P); it cannot handle excited

zta-es having unpaired electrons; and, in general, it gives misleading results

for molecules in which the extent of electron correlation changes with inter

nuclear separation.

Configuration-interaction (CI) methods have the capability of avoiding

the limitations of the RHG calculations. If configurations not restricted to

doubly occupied orbitals are included, a CI can, in principle, converge to an

exact wavefunction for the customary Hamiltonian. However, many CI calcula-

tions have in fact been based on a restriction to doubly occupied or itals

arOd therefore retain many of the disadvantages of the RHF method (ref. 11).

The use of general CI formulations involves three considerations, all of which

have been satisfactorily investigated: the choice of basis orbitals, the

choice of configurations (sets of orbital assignments), and the specific cal-

culations needed to make wavefunctions describing pure spin states (kef. 7).
The last consideration has proved difficult to implement, but computer pro-

grams including it have been prepared, and the CI method has been found of

demonstrable value in handling excited states and dissociation processes

which cannot be treated with RHF techniques.

Either of the above described methods for ab initio calculations re-

duces in practice to a series of steps, the most important of which are the

evaluation of molecular integrals, the construction of matrix elements of the

Hamiltonian, and the optimization of molecular orbitals (RHF) or configura-

tion coefficients (CI). For diatomic molecules, these steps are all

18



comparable in their computing time, so that a point has been reached where

there is no longer any one bottleneck deten'ing computation speed. In

short, the integral evaluation involves the use uf ellipsoidal coordinates

and the introduction of the Neumann expansion for the Interelectronic repul-

sion potential (ref. 14); the matrix element construction depends upon an

analysis of the algebra of spin eigenfunctions (ref. 15); and the orbital

or configuration optimization can be carried out by eigenvalue techniques

(ref. 16). All the steps have by now become relativelv standard and can be

performed efficiently on a computer having 32,000 to 65,000 words of core

storage, a cycle time in the microsecond range. and several hundred thousand

words of peripheral storage.

Both the .F- and CI methods yield electronic wavefunctions and energies

as a function of the internuclear separation, the 1W method for one state,

and the CI method for all states considered. 7e electronic energies can be

regarded as potential curves from which maq be deduced equilibrium inter-

nuclear separations, dissociation energies, and constants describing vibra-

tional and rotational motion (including anharmonic and rotation-vibration

effects). It is also possible to solve the Schr6dinger equation for the

motion of the nuclei subject to the potential curves to obtain vibrational

wavefunctions for use in transition probability calculations. 7he electronic

vavefunctions themselves can be used to estimate dipole moments of individual

electronic states, transition moments between different electronic states, and

other properties. While all of the calculations described in this paragraph

have been carried out on some systems, the unavailability of good electronic

vavefunctions and potential curves has limited actual studies of most of these

properties to a very small number of molecules.

I few studies illustrating the scope of the current work in this field

are cited. Exhaustive RHF calculations have been reported for first and

second-row hydrides (ref. 17 and 18) for most rirst-rov diatomic molecules

19



(ref. 19), and for many other molecules containing second-row atoms (ref. 20).

Configuration-interaction calculations restricted to double occupancy are

illustrated by the work of Das and Wahl on Li2 and F2 (refs. U1 and 21). They

determined an optimum choice of orbitals for a small number of configurations

designed to permit proper description of the dissociation products, and

obtained highly satisfactory potential curves. Davidson (refs. 22 and 23) has

carried out doubly occupied CI studies with very large numbers of configura-

tions to gain more insight into the description of correlation energy. The

largest of the CI studies not restricted to doubly occupied orbitals have been

carried oat at UARL. The 62 states of 02 dissociating into low-lying atomic

oxygen states have been described in a qualitatively consistent manner

(ref. 24). INAny of these states involve several unpaired electrons, and the

success of the treatment depended critically upon the inclusion of all types

of pertinent configurations and upon proper handling of the spin. Similar

work on the 102 low-lying N2 states has now been completed (ref. 25). In

striki contrast to the recent progress in obtaining electronic energies and

vavefunctions, rather few cal-alations of electronic transition moments have

been attempted. mong the few studies in this area is the work of Michels

on He H (ref. 8) and of Henneker and Popkie (ref. 26) on diatomic hydrides

using Hartree-Fock wavefunctions. More recently a theoretical program for

calculating band strengths for the system N (1 PS), 02 (SR), and NO (0) has

been carried out. The results of this program indicate that reliable band

strengths (10 to 25 percent) can be calculated, provided a CI approach is

employed (ref. 27).
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SECTIDN III

METMOD OF APPROACH

I. Electronic Structure

A spin-free, nonrelativistic, electrostatic Hamiltonian is employed in

the Born-Oppenheimer approximation. In systems containing atoms as heavy as

N or 0, this approximation is quite good for low-lying molecular states. For

a diatomic molecule containing n electrons, the approximation leads to an

electronic Hamiltionian depending parametrically on the internuclear separa-

tion R:

~~~~, +: AZ jZ8 +SR ~ 'ox.l... izi riA isl "i"s i>jld i| Wi

where ZA and ZB are the charges of nuclei A and B, and rIA is the separation

of electron i and nucleus A. # is in atomic units (energy in Hartress, length

in Bohrs).

Electronic wavefunctions * (R) are made to be optimu, approximations to

solutions, for a given R, of the Schrodinger equation

,$(R)*(R) = E (R)W(R) (2)

by invoking the variational principle

SW(R) f f'R1AR (R)dr (3)

f4t(R)t(R) d r

The integrations in Eq. (3) are over all electronic coordinates and the

stationary values of W(R) are approximations to the energies of states describ-

ed by the corresponding * (R). States of a particular syetry are studied

by restricting the electronic wavefunction to be a projection of the appro-

priate angular momentum and spin operators. Excited electronic states corres-

ponding to a particular symmetry are handled by construction of configuration
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intecation wavefunctions of appropriate size and form.

The specific form for t(R) may be written

where ea-h .ir, (B) is referred to as a configuration, and has the general

structure

uere Is a spatial orbital, 4 is the antisymetrizing operator, O.. is

the spin-projection operator for spin quantum num~r 3, and 9 is a product

of C; aW. cze-electron spin wumtiowri of magnetic quatum number M. No

requiremet is Igoaed as to the double occupaiazy of the spati&l orbitals, so

A Eq~s. (4) aai (5) can de-seriiw a cxzpletely generall vavefunct ion.

Th Eartree-Iob calculatiocs, + (B) is restricted to a single V vuhieh

-in aid to c Ist as nearly as posible of doubly occupied ii)rbiza ls. 2i

OrbttA" i.; wre then selected to be the liucar combinations of basis or-

b~itals beat SatiatYiU6* Eq. (M) bVritiza

the - are 4etnlued by solving the natrtx l-artre--ock equAtiams

'Ce thj i wOrb2ta cryOC

Mw bct operator F Uas been tborotjity disc ussed i-- tha litemrttare

trr 28 Rua ikpenis up=n Ow- 434 VO*- e-ectrvn WlmuI r la.itegrjC6 aad uw

hi a, S Q. n e l Is therere SOlved

tvIn3. !*vttpra has been devak*ele ibr solving Eq. (T)j for bot-h

-Kk 22
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ciosed OnA open.-Shell systems, using basis sets coumlisting of Slater-tMp

atomic -orbitals. Ebumples of our use of these progrem are in the 1itew&ture

(e.7).

Y-T cctn!i&Lration interac tion calcul.at ions, t~te summation in Sq. b) rn
more than oue term,, and Lhe Cp are determined by I~sping Sq. (3), to Obtain

the secular equation

~quat~n (7) s iovd by matritr 4i&6ontlization. Th labOi'atoiyue

modified Givens method (ref. 16) or a Aiethxd due to Nesbet (ref . 29). 11oth

of these progr~ms are &vailable fr the Qmzttui (Mei try Progrom kwxaage

(QPcE 62.1., 93).

M]e matrix elements H and S aWn~ be reduced by appmpriate

~ & ~operator algebra, to the forms

p <SIMI~1M q 8%jL,RIIjP ti (E

whe re P is Q. Dergutation and C1 , its parity. Mae sun is over all permutations.

is a "Sauibel coefficient" and the remaining factors caxe

sapetia I integrals Uhich can be factored into one- mnd two-electron integraln.
If the 4'are orttbonormal, rlqs. (10) and (11) becom more tractable and the

ai and S wj, ay be evaluated by explicit uethods given In the i,

literatuare (ref. 30). Computtr program have been developed lox, carrying out
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this proedure, and they have been used for problems containing up to leO total

electrci,, ].0 uuipai1'ed electrwas, and 530 coni'igra~tiona. Mmasof the use

of these program are in the vork on 0and N (r~efs., 2)4 aaM 25).

The CX stu~tes can be carried oat for amy orthonorual set of *- for

which the zolecular integrals can be calculated. Prgasdeveloped at

United Aircra~ft Bee 2erch Laboratories (UARL) mWke specific provision for the

choice of the *j. is 81later-type atomic orbi tals, ws sywmetry molecular

orbitab3, as Iartree-Fock arbit&jU,, or as more arbitiary combina~tions of atonic

orbitals.

lu masuy,, compter programs have been developed which ,tre capabl of

awrying out all the steps needed to make diatcmic Hartree-Fook or C1 studies

* for closed- or open-shell systewsi, includ*zmg excited states., based on Slater-

type orbitals. Mlese studies lead to electronic energies and vavefunct ions

* as a fnction of the intermuclear separation.

* 2. Vibrationail emd Mltatiaaal Properties

For an electronic state described by *' (Ri) =An ER), the relative

motion of the uuw1ei is, in the Born-Opyenheinier approximation., subject to a

potential baving at unternuclear separation R the value W(R). By considIeriag

[ ~the quantum mechanics of the nu~clear motion, it is possible from W(R) to cal-
culate, the vibrational and rotational energy levels. It is convenient to

report the vib~ration-rfeAtion strieture 1z± terms of parameters r p De #,w
e e ep

<ii~eB e etc., which are also available by standard reduction of experimental

data. Such an =nl~ysis can be routiziely carried out for bound electronic

stutes, using a. Dumbwan salyhis computer program which has been deposited in

the (zntum Ohmis try Program rchainge (QCA .113).

Yrom ARH) it is also poesible to obtain vibrational vavefunctions by
a mrical integration of the r~dial Scrdminger equation for the nuiclear

motion. A computer progrin which carries out this calculation by the Nmuerov
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prooe&aue has been develoiped. May I(R) can be 1AI~ amos the Vw~m fits

it by a spUae tedbniquae. SLis praponr ha *be=m used for Ae1141 3jU'S W~

variety of problems; a typical aliplication has be= to exat~tati t=Muter in

coll1isios of noDM1 "Ad e table He atomE (zre. 31.). gjig"± 1() ew

be the calculated potential correspo r 'to the electronic vape*&tiCa

(Rt) or it can be derivot:& using an EIM procedure irefs. 32 smd 33).- She imust

can be either the basic BWv and OWv data or the aierive erimtol spectro-

scopiv contants based on this data. Progrin. for islai thz ie W~ po-

cedufe have been described in the literature (Oef. -341

3. Trsation Protwbilities

2we electronic and vibrational-rotational vmvftacmtions of a pair of

states can be used. to calculate trassition probabilities. If tw uolwiular
4:states wre s~eparitad in ewrgy by an a~mut 3 c i Pimok's coal.

strant,, a = velwcity of uItt v afequeny In wmen mber),, the semi

classical theory of radiation (refs. 35 -- d 36) 7ields tbr the proboility of

a sporntumew transition from an upper state n to a 1~ we tae as

gave A Is the Einstein coefficient for soteostransitionl frm level

U-20 gn is the toTal degeneracy factor for the ueRw state

gzz (2- g)(ZS'+I)(2X'+I) (13)f'~an~d S is the total strength of a c~oneawt line 4,m a r"cel'ic state of

polarization and propagated in a fixed direction A related quwtity is taw

mew raediative lifetime of state a defined by

-L: mcnA~ u 4
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the spmotion being over all. lower levels *fich offer allowed connections.

fte Intensity of the emitted ridlation. is

where I is the number density in the up~per state n. We~i anaa~is assumes
11

that all degenerate states at the soe level n ame equa1J.y pop2ula~ted, Vilich

vill. be true for icetropic exc itotion. Me total line strength 8 can be

written as the square of the transition ucamut suimmd over &1l degenera~te

coq~ments of the molecular states n and a:

Sam Z (Mi 1 (16)

%hiere j and i refer to all. quamtum numbers associated collectivel~y ýwith upper

aud lower electronic states, respectively.

In the Boi'n-Oppenhelmer approximation,, assuming the separability of

electronic and nuclear motion3, the waefwiction for a diatouic molecule cau

be written

V'VJMA (rX

wh~ ere . (r,, 9) Is an electronic vaveftnetion for state I at fixed Inter-
mlear separftion R, #, (Ri) U a vibrational vavefbnction for level v amd

a,)refers to the rotAtional state specified by electronic
~JnA(

ranpala momentw A$ total angular mmntum J and mantic quantum number It.

-erpesentation is in it coordinate system related to a spae-fixed system
by thte 24lerion aailes (M, 1.~ e transition mowwet M- can be written,

using the vaveuntion filven byV Eq. (.17), Ws
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fte subscripts e,, va* r~1 refer to the ejectroic., vibrationgmld Moaionsl

ww~fnatova sa.r--ýttO e the ezectroule #ad =*eI~ electric disaie

uo~taresjiectivej4y. InteaatIon over the electronic vmef~aetim -In the
&Drn-ftei~eiur qgrazintioui canse the coaatr~IMto of * 1s'Ci
anont, to waiiis for i ý j. w e electronia dIpola aut tft Ue Witt=

(refs 36 ad37) In thae Aw

%*Ae the primed coordiatea rei:or to the qpae fixed ~Wtoot the coAM41agte
rk zo-er to a uolecule-fixed system and I$( V,~, in & zStu* Mtotlat temw~
vbse elements ame the dtretiouaie.nes relgted to the *2ewiam rotat4.onu

inalee(, X.,) Msing bracket notation, Eqs. (18) eM(19) cmn be cod~aea
to yield for the transition n~ent

Me mantum ehl'ewiI' sa <Y'I, eb8XOJ#V * doavo tqe (16)I Mmu

tiona (rafa . 38.39., end 40). SuiUin Eq. (20) over tedieauate Notic

iikee J in the Uonl-Iandm a -tor (r'efs, 41 -u4i.2) and

k

-is the b~v strength for the traiwition. Ccmin~izg Eqiv. (13,. 15 ta 21)b w
bise for the iateulsty of a &Iq;l- emittizag lime frcw u~er level.. :
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11V1 J'A J 4'~' IWVA (

ujiere! I s the Wer dmrity- In t~uprrotational state J, mi

(2- (51+ 1)in the electttic UWww.TOgww=

value ofE J for tbambal $ bm k-(23) uube aw~&to jield the
ttlintensity in the (VI, '9 bmw

wbre N' Ns Is the total urmer dezesity' in the upper vibrational

level v' am thiere we =ice use of the groV sumstlon property

jv J'OA:(J' (25)

IMpr12 Eq. (15) and (2~4)$, we home for the Eim1tein spmtaneou trujsitiozn

coefficlent, of the bana (v' v')

nW' 4 tEE . (26)___

Siallarly,, the 1iift4Me of' an u~pr vibrstiOVAI level vl Of state u. caz be

written

V* (2T)

wbet te suatioan rmsw over iaU Y for each -Ier tat&&* a. 1q. (2)cab

kcast iiu the camtatixca's] fo~r*

A~~N(ee"') E!±-?~!•~!~E~u.)1 '~'(28



*e~~fV~ana.re in tmslaunits. It I as~o often conwant

to elae he raitin pob~l~y o te mb of 4ismeris electram

mumber or aseIto St~rellgth for ealsslom, isa givm t

Se inverse process of abwortion is related to the above vev t
throsui the Einstein B coefficient. Cor espon11ng to Sq,. (3.5),.V hue -- f

a single line in Absoxtion

Aere &) is the absorption coefficient of a bea of rIotoas of freqAen,

is the Rimlten &absrtion coefr$.eient for aais19ge 21m. Sawtze over &U

1ines in the ba"' ( ,,vl), assuing an &wer.6 bowd treqwmyt we *taixI

"1W' 2T O

;V Is tbo total *aber desity in the lier vimtioavAl
stt Ur. Cwvqpatx to Vqm. (28) and (29) wcus 4eftnw caf-aro

Oeci~ stox tg~th for abso~Vtionat ~
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in c~aztatiaa1finN (3 beam"a

AV*

where AZM Pt WW are lw atogct=its. COth~ingszq. (26)e&
(29Y. OlflWIgVth N[j. (33), we See that the absorption 41 c i euiaic& :r.
MOM aWe related kq

fa~vZs .fysy (35)

SOW cNAatM not, be observed in the use o- f-uAbera given either by Eq. (29)

r Ior (33) Oet bornt baA t-niters Ma srtes faabers are defined in thlej literature. Se confus ion arIset flr thesevieral poa~ible bmaw averazins

* ~schemes that can be ideniid

Au intesratea mhop~ncefcient (aensity corrected) can be defid

-C kr(36)

terethe z~aaI1 f*CtOr e~rraCUtw o sttma~ted eialisn. 14. (6 a
b6 written in te-no at thoe *hsomzta £Tmr

iutesretad ckarptoa oeficit a

SI.*(a

2Stfl a4 (3 ('4NV



~ ¶[he total integrated absorption Is fowd from

t f:z ~STOTA:L (39

7 where, under normal temperatture conditions, cal the tint few f~ujsiatula

4 =d overtones, contribute to the sualatiom.

Oxe eveopontsgiven above amre po wW ytmueea

average bawld frequency can be nwanIngfufly defined. Further ~tttm

however, are often made. For ezinple, the electronic coWoamt of the dim]e

-itt, trans~itoa moment can be defined to

p1 (R):6 (1-NX I>(Jo

'-tThis quautity iU often a slowly varying tuwction of R tm toatrse Vol=t

can sosetir~es be chos-en. Sq. (22) can then, be written ewanelin Mtor-

vhxere yv hes~r of~ the vibrational overlap inte&C.,* In cafltt- the

Fra*.&.Cowlsm fua.tr.P is evQau~ted at. sae wee v*la- of the iutcr=4cleex-

/Separttion YI, Inddit tz, it is wmtlmse p~3siblr to u~coat for a

yea Jki-d~pudemi e in MH by u T4ILy..' aer~ies Or~'ia Uat thIOqutity abo-t

sci ft::er~z- YLw tauL~y referred. to tbe. (op,) bad. to. have

110 R-OO
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Substituting into Eq. (2.2) and integrating yields

Pmv" Q v'v" + Ia [iO(Rvv-Rea +b(Rv, vi, - Ra +( 13)

where

S(•,,,,,-R• <V}: (vlR-R,,al v,">

is the R-centroid for the transition and

(Rviv.Ra/) 2  (V'I(R"Ra1B)2 I) (45)
- <vIi v>

is the R -centroid. Note that this last term differs (to second order) from

the square of the R-centroid. An alternate procedure can be developed by

evaluating Eq. (40) at. each R-centroid, RI .. Then

Pw.. M qv'v" Z IkjI(Rv_)j (46)

Eq. (46) assumes that the vibrational vavei'unction product, 4-v, +v be-

haves like a delta function upon integration

8,,. (R - vIvr) <v'Iv1'> (47)

The range of validity of Eq. (46) is therefore questionable, particularly for

band systems with bad overlap conditions such as oxygen Schumann-Range. The

range of validity of the R-centroid approximation has been examined by

Frazer (ref. 43).

IThe final step in calculating transition probabilities is the deter-

mination of Rji(R), the electronic dipole transition moment, for the entire
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range of internuclear separations, R, reache I in the vibrational levels to be

considered. This can be expressed in terms of the expansion of Eq. (4) as

(R) = A CI",c <*A.(RI el R) > (48)

where c and c., are coefficients for q' & , respectively.
eli elr

An analysis similar to that yielding Ers. (10) and (31) gives

p I

he sptila integra in Eq. (149) reuces to one-lect~ron inte gri equiva-

lent to overla integrals, and th evaluation of Eq. (149) can be carried out

by the smn comnputer programu used for Eq. (U). Progrms for evaluating

SP (R) in Eq. (148) have been developed at UARL and examples of thefr applica-

tions have ap~peared in the literature (ref. 8).

For perturbed electronic systems, the tranition dipole moment will have

a strong R-dependenee and R-centroidl or other qerp~ utions wil be invalid.
A direct evaation of Eq. (22) v<on*d therefore be required un the fully-

coupled system of electronic, and lbrational vavequ.(cions to properly account

for the soaprce of the band perturbations.
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SECTION IV

DISCUSSION OF RESULTS

The theoretical research conducted under this program was concerned

with the determination of f-numbers for selected band systcms of certain

mI-:al oxides for use in the calculation of accurate absorption and emission

-oefficients. The band systems under study in this research program were

2'ht aluminum-oxide blue-green system (B ÷-L 2+), the aluminum-oxide
vibrational-rotational transition (2z +-xz +), the lithium-cxide vibrational

rotational transition (x 1- ), the lithium-oxile transitions (A2X +-X'7
a 2 2+ 2+ 5h iron-1)

and A, Z-A Z ), the iron-oxide orange system ( ZII.-X +I, the iron

oxide vibrational rotational transition (X 5 +I-X 5 1+I), the uranium-oxide
+

vibrational rotational system, and the UO vibrational rotational system

(X41 X4 17)

I. Electronic Transition Probabilities

a. AIO

The first metal oxide systems studied were the AIO blue-green system

and the vibrational-rotational system. Electronic wavefunctions were con-

structed using a single-zeta Slater-type orbital (ST0) basis. Optimized SCF
1 + +calculations were performed for theX state of AIO at three internuclear

separations (R = 2.6, 3.0 an 3.4 bohrs). The optimized orbital basis

obtained from these calculations is shown in table 1. The M)s obtained from

"hese calculations were then used as input transformation vectors to convert

the original atomic orbital basis to MJ form. The lowest six MOs (I,
+

20, 3a , IN , 17f, 40 ) were taken as doubly occupied and a full CI was
2.+ 2

performed over the rest of the MOs for the X £ and A IT states of A10.

This resulted in a wavefunction expansion as illustrated in Eq. 5, which con-

sisted of 264 configurations for the X 2+state and 243 configurations for

-,he A 217 state of A1O. Table 2 lists the configuration sizes required for

the VCI calculations performed and the number of states for other symmetries

of A1O which were studied. By far, for all the molecules studied under this

research program, the greatest amount of effort was devoted to construction
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c: the electronic VCI wavefunctions. The symmetries of AlO which were studied

are outlined in table 3. All states up to Al2 P +0D were included in theseu g
calculatiors. The energies of the aluminum and oxygen atomic states which

represent the dissociation limits of the molecular states of A1O which were

studied are given in table 4.

The re3ults of the VC! calculations performed for A1O are illustrated

in several ways. In table 5 we list the calculated electronic energies of

all states of AlO which were studied. These data are also shown as calcu-

lated potential energy curves in figures 1-4. The derived spectroscopic

constants for the calculated bound states of AlO are shown in table 6, where

comparisons with experimental data are given wherever possible. A Rydberg-

Klein-Rees (RKR) analysis of the experimental data yields the potential curve

given in figure 5.

The calculated electronic transition probabilities and related properties

for the AID bltve-green (BG) system and the vibrational-rotational (VR) system

are given in tables 7 through 13. Tables 7 and 8 present the calculated

oscillator strengths for the A1O (BG) and (VR) systems, respectively. The

Franck-Condon factors, R-centroid factors and band strengths are given in

tables 9 through 13 respectively.

The ca_ -!ulated f-numbers for the blue-green system are in good aereement

with the lifetime studies of Johnson, Capelle, and Broida (ref. 44). The

strength of this transition now seems to be established with a maximum error

of about 50 percent. The calculated absorption for the X2 + (VR) system

of A1O is another matter. After considerable effort and many different

trial wavefunc tions, the behavior of the dipole moment of the ?X2 + state is

still not well understood. Table 8 shows the results based on the two

most likely possibilities for the dipole mcment. The first corresponds to a

wavefunction expansion based on optimized orbitals from a Hartree-Fock

calculation for the 2. state. The second corresponds to the 2X + HF orbitals

from the outer (VB) HF solution. Two Hartree-Fock solutions exist for X 2X +

near the equilibrium separation. The outer solution is neutral valence-bond
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in structure; the tuner solution is nearly singly ionized Al. ThIese

solutions a~re degewrate at a separation slightly greater than R and. thus

va single detemaind UF representation exists for this system.Th
2 +

optimizid £ orbitals yieldt nearly a flat dipole moment curve in the region

or R, a result simlar to that found by the IDM group (ref. 45). Further

studies are required to assess whether or not this anomalous result is real
2 +aof an artifact of the orbital expansion for Ssymaetry. Pre-sent exper-

irezntal. indteatioua (ref. 46) are that. A10 bas strong LWil absorption with

a. measured- f-umber otn-3 x 10. Ibis would be in agreement with our original

valence-bon4 treatment of this system where no orbital transfortastion to Ho0

form was cnrred out.

- A. survey of the higher electronic states or A10 was carried- out

to qualitatively studv dissociative-reccabination in this systeiw. A1O has

r.*low-iyiuz electronic states (ref. Vtaf tt hc orlats ih
AlOS) + 0ffP ani a state uhich correlates with AlUS Bot1 ).wh

awres iet at. about 9.- eV and thus A10) is a stable spscies vita an irdicated

U ~~~dissociation ewrar~y of- .5 eV _For either sy=wtry disiatv'WeabUato

is iC- d 1 kalysi-c ter are caay repaisive wlecular stattes both. duiuuet-s

arl± quamrte%ýS~ which ta-rz~c t with low-lying ne~ztnal states of Al + 0 and "a _r.

puOUu4 -Ie mignim or the AR) woteutial eurve * Siuc e the'se LeutrC' A10)
atts ll couple wi th e *Al0 in Nis r,&F very r-apid (k > -10

S;Sec) disso-aIstl -v ctmwbinati oc th~ld rw'zSult..

U.-.. runtoca for UP: aste M51stn asi~l~ a i4~s

!estreei~nng pariiae'r chLazen frthe lithumn azdxyg-n- &tw-'c tt * tslt.

ar gi-vtn tablle ma_ ch oofisjuraAc-nat required ?or full ti cal-

cuai ana the ==ber of sta~es for Waiu L- hclh

ere s tdiLed is given a intale I". iTt, syietrle at 140 wt vick vrn w!ie

are outlined !im table V4ý. All stattes tzp to 40i PM were Itcatni it hsr
Ua



I calculations. The energies of the li.thium and oxygen sastLi states, %Ich

represent the disisociation limits of the -ealculated NOeCCU3W statem7i e Ido

are given in table 17.

The calculeted electronic energies for LI0 ame 4iven in table 33. Swee

data are also shovn as calculated potential e;5ergy curves in fresa 6 througU

10. The derived spectroscopic oonstants for the calculated bound states of

IdO are given in table 19. Comparisons vItth experimental, data are given

wherever this is possible. A Rydberg-flein-Rees (MI) ma~lysis of tse ex-

perlimental data yieldis the potential curve given in figure 1I.

Mhe calculated electronic transition probabilitis ad. related pwopertiea

for the Lb systems: 321? -X2TI(.X-x), A2  '.-A2  +G-A), and E eJ(X

are given in tables '*' through 29. T1he calculated osei~l.ator strengths am..

Apresented in tables 20 through 22 for the MI. (X-X)., (A-A), Aan (44) system,

respettively. The Franck-Cozndon factors., R-centrolil factors and band atrea~tbs

are given in tables 23 through 29, respectivelyr. These rewilts are typical of

those expected for an ionic molecule. The calculated Integrated bond ak'-
sorp~tion coefficient for x217 of U-0. is su 550 2M MI a letoi

number -for A-1, is 0.0041 which can be compared vith the value of 0.032 (f)

for the A10 (n-AX) systemn.

Th esults reported herein are altl similar (±25 Percent) to toecl

cujlated by the 1*1 group (ref. 45). In addition., tbeae results are in ret-

sonable agreement wi~th the experimental studies cairied Oat, in IdD (refg. &

and 49) az~d no further theoretical. studies are antic ipawted for this system.

c. FeO

The third group of metal3-oxide system studied were the imo mide

........... vibrational rotational system and the orange ByatwsI. £IectUmic vavfuntiou.a

were. covstructed for FeO in the single-zeta S¶TD basis ftrxuaI.~ e

optimized screening parameters for the atm.ic orbitais are given in table 30.

k~je conifiguration siz~es required for ftul VCI celculaticos for this system~ are

given in table 31. All o;a the low-lying miolecular states vsbcýý wore studied

are stwirv in table 32. The ewrgies of the aeparated stow whichi reprerfent

the dissocia~tio Umits of the lim-Lyinjg states of IMO wxegiven~ In tSWl 33.

--. ~ 4 .*c37
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All states up to the first iaaic limit Fe S +0 P were included in the
9 u

-aloulat ions. The ealculated dissociation lIits did not always correspond.

in order to those lowvm experimentally (ref. 50). 7he Fe 5  o3p 3 Fe +03P
3

and Fe P +0 P have higher calculated. than. experimental energies (see table
g g

33) but appear to yield repulsive potential curves.

The calculated, electronic energies of FeO are given in the rath~r ex-

tens lye compilation of table 34. The states dissociating to those calculated

limits at a higher energy are also showa. Data of the more interesting

a rates have been reduced to potential energy curves which are shown in

figures 12 through 16. The derived spec troscopic constants for the ca~lcula-

ted bound states of FeO are given in table 35 where comparisons with ex-

perimental. data are also shown. A RKR analysis of the data yields the po-

tential curve given in figure 17.

The calcui~ated electronic transition probabillties results for the FeO

vibrational-rotational (VR) system and. the orange system Ox :+I-X 5j:+I)

are given in tables 36 through 42. The calculated oscillator strengths are

presented in tables 36 through 37 for th,ý FeO (VIR) an~d the orange systems,,

respectively. The Franck-Condon factors., R-cent~roid factors and band.

ztrengtbs are given in tables 35through 42, respectively.

We have been able to identify the principal band systems of FeO as a

result of these theoretical studies of the excited electronic states. The

groun state of FeQ has 5X + symmetry and is well1 separated from the next

lowest electronic state. We calculate an integrated band abs orpt ion coe ffi-

cient of 15/5 cm- atm -1, a value somewhat on. the low side for a metal oxide.
5 + T5+7he orange system is identified as E T-X I and we calculate for the

'V electronic f-number (f )the '.alue of 0.004j, a result similar to that found
00

for MiO. In addition., we identify the first excited. electronic state as

'Ii with T =1.29 eV. The IR bands of Callear and Norrish (ref. 51) can

be identified with this transition ( 5 7i-X 5 L X + The orange'sys tem. corres-

ponds IJto TIi- 2ih.1esat4a eV. A complete rs

4 olutiovn )f the spec troscopy of +he low-lying excited electronic states of iFeO

...... 38...



now seems possible and further work~ on this system Is vwnvataCe

d. W

__e fourth metal-oxide system st'idied was the uramiem agche Vuibratiana-
rotational system. Electronic vavefunct ions Vere coLA~teda uo1 the

effective-z leel ai ttion. method employing a s±ii-ea(e)tsa qpn-

Imation. The screening parameters faur the atomuic aiblteas am Stm In

table 43. The configuration sizes required for ftUl IMelul~iu for

*thais oyatem ame given in table 44. The syintries of Wv up to 0"ia

outlined in table 45. Only a selected group of syetz'ies woas tudled.. 11be

ommtries studied as possibly giving rise to the gaud state iwre

7 ,5.7u, J. lIie energies of the uranimu 04 Cop atcale state
which represenw the dissociation limits of the calculate molm1ecw ~ee

of UO aire given in table 46.~

The comxpilat ion of calculated electronic energies for, to io Siven 1in

table 4T. These data are also shown as potential energy curme In fiires

18 through 22. These curves represent electronic energ data ýAjusftc to the

ground state experimental curve. Th~e derived spetroscopic omstav~ for the

adjusted c&alculated bound states ai' 130 are given in tabl 48. A SM a=iLyuis

of available experimental data (refs. 52s, 53# SAn 511) Yields the Potentital

curve in figure 23.

The calculated oscillator strengths for the 130 vibratiass1-ro~tiaml

system wre given in table 49. Me R-centroid factors W~ ban Gtremitbs

are given in tables 50 and 51, respectla-vety. We find an~ SIntegrated bgiml
-2 -

absorption coefficient for UG of' 288 cm atm ,a value t~pical of other

1'metal oxides. OnUt a limited analysis of the electragic structure of CD) 'a

atteupted oving to the great number of' low-lyinZ statea týeI iwgf to this

system. We find a similar chemi.stry for all of tbhe UD a U-e5 'iftb. have

the 5f3 electrons quartet coupled and a different chadastry for those states

(which are much higher in energy) where the 5f 3 electrcw ame douIblet

coupled. This effect seemed to dmiinate the intexw~tion potential waft thin

any effects of total spin orangular momentum. We 1dU oatf i~uWatig&te spla.
orbit coupling effects in this first stud~y of the t ayetan$ Ibt PreVIai

4 .~ 39



studies on U (ref. 55) have bidicated that the 5f electon are very nearly

L-S- coupled. A unique groiAn state syuuetry cann t be assigned on the basis

of these calculations. All of the apmtries studied yielded similar potential

:7> Jcurves. A reasonable approximation for the electronic structure of IJO Is to

assume a single state as indicated in figure 23,. weighted in accordance with

the multiplicities given la table 45. Further studies on this system are

indicated.

qbe fifth metal-oxide system wahich was studied was the QO + v~b~rationa1-

ro0tational system. Electronic vayefunctions were constructed uping the

effective-z. calculation method employing a single-zeta (STO) basis approx-

imatiou. -7he screening parameters for the atomic orbitals are given in

table 52. The configuration sizes requkired for full VCI calculations for

this system are given in table 53. Mhe symmetries off UO+ for the Ul4 +0 3P
U g

limit are outlined in table 54. Again, as in WO, only a selected group off

symmetries was studied. The syimetries studied as likely to give rise to

the ground state were 2 4 6 1, 6A an2d The energies

of the uranium ionic and oxygen atomic states which represent the

dissociation limits of the low-lying calculated molecular states of U0O

are given in table 55.

Th calculated electronic energies for U0O are given in table 56. The

data are also shown as potential energy curves in figures 24 through 33.

lbese curves represent electronic energy data adjusted to the experimental

ground state dissociation energy. The derived spectroscopic constants for

the adjusted bound states of 110 are given in table 5T. A RM analysis of

available experimental data (reffs. 52., 53,, and 54) yield the potential curve

in figure 23.
+

The calculated oscillator strengths for the UO vibrational-rotational

~~ system are given in table 58. The R-centrold factors wAd ban-d strengths

are given in tables 59 through 60, respectively. We find ft to be the lovest L-S
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cooledA state for ULis systenm, but ag~ain the che~mInt1r ý5 A1mlksi tv the

51 electron. %w distinct sets of potential. curmn arise domf CFA
u~et~r he 1 esoto .-are predominately quartet or IAbd t a&q~e.S~a

orbit effects sboWA~l ýbe more Important in this system then in WO but tkqy

wre *-W~t stoalie in this Work. Further work is a4ed casthisetmn.

'11e calculated Intepvtaed1164 ba 'absoqrtio coe~fuciet :OW Is

7 ~ .j 245 ca tm.2  Y1Uw uiatll& maller tUau that -foad tbr~-W.4e

absorptima tharacteristics of this system can be estimted by essa$*s tw

different electz'oiic states as indlicated in figure 23 an wIe1wi tbeew-

states in accordance with tle augtipllictles giLve An tah'a5i
~h5S~t4U +02 ~2 ~ wr mined using the mgltiple-

-Scatter ) method. W idt ea'1e oeal ihaT

state as the id t ground1 state ofthis system. Sa =odel bmngivft

the Inn uruium syeean excess +2 charge InitiaU71 so that the basicF - 44 d

cittio a traIsin godagreement with the kno absorptioa eJectzm ftr

t~aIo. Io-yin ecitd tates are of aft sAu p q. is mea~i.

The ec&ulat1oa~s Indicate that &2I" a stab,. lI'mi Solecule bat

[ -we hav~e not been able topecisely define the asa~try of the Sxwad #tate.

Me Ts Oftital. of' unBYi ir high~ly relativistic WA V17,;2S is the Ulkmt

S correct ground state for tJ+. liovevert (5tlu&w -to -S ~t3r-low 1-4
energy for U in a am-.relativistic u&iLti=n and w~ Uw wot 3*t Ae

ir4lape4 a relativistic XG, progrea for xolecies. Wlcawaar laim

Webi involve extesaive hybridization of' the Isowbtl wA -0
"ae UO2. Dzroboby will need a relativistic treatUwat. ftar 4sf itim cticula.

tu.cm or tlu 0~1"twrea.

*a sixtth metal-o"Ide "Umwtw tAilid Vu titani* 49WA. Iliectrogais

Wfvetuntia." were coistric ted for this tistoe UM4n a slvsule.cWta ~SW )

ZZ,,



set. Th screening parimetens chsum for tk. titea1l *ad oqem atcuic or-

bitals ame given in table 61. 1* confiwguint4 aS4 required for fhUl

VCol Calculatious eind the nubber of &Attes tor the vaious aSmets-iis of TWO

Mabich were-studied Is given in table 62. 11e sptries. of T!O IAich were
a tudied are oatlied In table 63. AU states up to Ti F P+0 ftwere In-

cluded In these calculations. The ew-erlft atf the tittanil and enW St4MIC
states *hieh represent the dissociatian lmits ot the calaulated. soleaular

s tates of TiO are given In tabUle6.

Th calculated eleatroaic ecargles for TMD are given In table 65. 9b~eze

data are also shum ascalculated potential energy curves In figure 35 through
5 2. The derived spectroseopic eotnsfor the maslulated bound etates of

TiO are given In table 66. C ar1soaw with e2prximental data awe given %bere-

* *. ever this Is Possible. A Fberg.Iaei*.-Sm (RuR) ana3lsis of the eiperiAeft-

tal daayielftth poatenal crelfiue53.

Thbe calculated elecuu~nic transition probabilities Wn related proper-

. . ties for the TiO systems: vibratioaal-rot~atimW X 'A - X 'A ( g) isna
3 X3 3.XA A- h(A-X), * Cmprim B ~A 04)are givenin tax--$

* ~~67 Umu~oag 77. The caiculated oscilla toreategehe u* presented in. tables

6T throuj~x (9 for the TiO (X-X). (AX)a.d(i-X) systems, Mepectivly, Th~e

Fraiik-Condoi Ia tors, fi-entmidSa Zctore *ad W stren~ths axe giveu in

tables TO thr*AUstT rr, ptively. fte cal .auted (A-Z) or s~aw sytem fv-

nube is -buiit =all ir (factor Oat '4) than tht reported by iej, et.

al. (ref. 11A3). 11A LWUM aborptio. strW~t 110-m tha IA sta~te is typical

of wet or th~e dI~ts~a metal ox4s wtulled Ureke. %eve ame w e~erlmetal

u*ta with Wlich to CONOWe6 the OW"~ prie "to.

.......



APPENDIX I

AB INITIO CAlCUIATION OF THE B 2 X - X 2 + OSCILLATOR STRENGM IN AID

A theoretical calculation of the oscillator strengths for the B 2 +

X + transitions in Ai0 (blue-green system) has been made. This system has
2 + 2 +

often been labeled A I - X r , a designation which has been corrected

since the discovery of Innes (r'f. 56 ), of a low-lying 2lstate now labeled

AA. The pertinent potential curves are shown in figure I-1.

The calculation of oscillator strengths is dependent primarily on the

knowledge of: (1) accurate vibration-rotation wavefunctions for the elec-

tronic states of interest, and (2) the dipole transition moment as a function

of internuclear separation. Vibration-rotation vavefunctions can now be ob-

tained from numerical solutions of the Schr8dinger equation with accuracies

such that many band spectra can be reproduced to within 1-2 wavemumbers.

Electronic vavefunctions cannot be obtained to such a high degree of

accuracy. Nevertheless, recent experience Indicates that CI vavefunctions

can be constructed with sufficient accuracy to yield reliable estimates of

*he electronic transition moment for diatomic molecular systems.

The electronic vavefunc!.ion is written in CI form as Z ci~ where

each • differs by its orbital occupancy. In the Hartree-Fock model there

is but one 1' and in the limit of a full CI there are all 1P which can be

constructed to span the orbitals which are included in the calculation. In

practice, Hartree-Fock calculations prove to be too restrictive and a full

CI becomes impossible to construct when large basis sets are considered. Fbr

the studies performed here, the basis set was first transformed to Eartree-

Fbck form and the inner six Hartree-Fock orbitals were held frozen in all

configurations. The wavefunction was reoptimized for each internuclear sepa-

ration chosen for study. The final calculations included 190 configurations

constructed for 2Z+ symmetry. A detailed report on the calculation pro-

cedure is in preparation (ref. 57 ).
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These CI electronic wavefunctions were then used to evaluate the dipole

'ransition moment, M (R). The calculated moment was fitted numerically

using a spline fit and tabulated at 2000 mesh points in the internuclear

separa t ion. Integration of M (R) over the accurate vibrational wavefunc-

tions yields directly our estimate of the band strengths.

The calculated f-numbers for the B-X transitions are shown in table I-1.

:or comparison, calculated Franck-Condon factors are also shown. These F-C

factors are in good agreement with previous studies on this system (ref. 58);

'he differences are due to our use of slightly more accurate RKR potentials

based on band origin data (ref.59 ).

These data indicate an f-number ofO.012 for the strongest (0,0) transi-

*ion, in agreement with previous theoretical studies on this system which

were performed with less sophisticated v•avefunctions ( ref. 60 ). Previous

"alculations on N2 IPS and NO- $ band systems indicate an expected error of

2-0 Cpercent for the analysis performed here.

1he calculated result for f is in disagreement with the experimental00

resul's reported by Hooker and Main (ref. 61 )(f =0.0035), by Vanpee.

(ref.62 )(f 0=.O.07) and by Daiber, et al (ref. 63 )(f =0.13). Part of

":he discrepancy can be traced to their neglect of the low-lying A 27 state

in 'he experimental analysis of number density. A 30 percent correction at 4000K

ms"' be made for intensity measurements in absorption. This correction, how-

ever, is not large enough to fully account for the diff, rences between the

various experimental values and our calculated result. In contrast, a study

of relative band intensities by Hebert and Tyte (ref.6 ) yields a transition

moment variation (1 - .46 R) in excellent agreement with our calculated vari-

ation over the range 1.5 - 1.85 1.

Results of lifetime studies for the A1O blue-green transition have been

reported by Johnson, Capelle, and Broida in this issue (ref.65 ). Their

s'.udies yield a lifetime for B 2X + (v' = 0) of 129 nec, in reasonable agree-

menL with our calculated lifetime of 234 zirc, considering the complexity of
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this metal oxide system. The calculated lifetime includes the contribution

of the B-A transition which is characterized by f = 0.=0012, qo = 0.24,
00 2

indicating that only 2 percent of' the radiation is to this lower A fl state.
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Table 1-1

2 + 25.+

f-Numbers and Franck-Condon Factors for A1O B x-

v" v' 0 1 2 3 5

0 1.ITI-2* 4.41T-3 9.954-4 .TL8-_4 2.519-5 3.326-6
T.234-1" 2.26'(1 4.280-2 6--01-3 T.06l-& 6.794-5

1 3.146-3 5.380-3 5.787-3 2.171-3 5.262-4 9.866-5
2.I•26-1 3.388-1 3.o14-1 9.466-2 1.903-2 2.879-3

2 3.299-4 4*li35-3  2.120-3 5.612-3 3.136-3 9.978-4
3.193-2 3.516-i 1.375-1 2.964-1 1.389-1 3.69-2

3 1.367-5 T.688-4 4.720-3 6.127-14 4.5M-3 3.7514-3
1.837-3 7.653-2 3.846-1 3.983-2 2.549-1 1.691-1

4 1.455-7 .. 4.246-5 1.201-3 4.50o4-3 6.864-5 3.712-3
3.450-5 5.854-3 1.233-1 3.7614-. 4.565-3 2.016-1

5 5.045-12. 4.095-7 8.252-5 1.5"8-3 4.069-3 1.834-5
5.595-9 .. ,2O- • -.169 1.673-1 3.488-1 1.199-3

f-Numbers; Franck-Condon factorm.
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AFFMIX I'

ANALYSIS OF DIPOIZ-AL-ID ELECTRONIC TAWITIOS IN DIATONIC IVI1MMI

If two molecular states are separated In energy by an amount Z =hcv

(h = Planck's constant, c = velocity of light, v= frequency in wave numbers),

the semi-classical theory of radiation (ref . 66, 67 , 68 ) yields for the

probability of a spontaneous transition from an upper state n to a lover state

a
M3

4 Em n (50)An r4 c3 gn

Here A is the Einstein !oefficient for sJpotaneous transition from level

n - m, gn is the total degeneracy factor for the upper state

2n, = (2s'+,) (2 X+1) (51)

and S is the total strength of a component line In a specific state of polar-

ization and propagtted in a fired direction. A related quantity is the mean

radiative lifetime of state n defined by

L

the summation belng over all levels vhich offer allowed connections. The In-

tensity of the emitted radiation is

where N is the number density in the upper state n. This ana3•sis assumes
n

that all degenerate states at the same level n are equally populated, which

will be true for isotropic excitation. The total line strength S can be

vritten as the square of the transition moment summed over all degenerate
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92 ~components of the molecular states~ a eat v..

where and i. refer to all quari.tta numbers associated coltactively with upper

ani lover electronice states,, respectively.

~ In the Bom -Ameheimer ayppoximation, assuming the separuability of elec-

t male and nuclear motion, tue vavefunction for a diatomic colecule can be
wrjjanu as

whtere-PO ~e R,) is at. electronic wavefuuctica Zor -state i at fixed iatkr-

- Alera -, () i. ah virwatlocal. wa& vefbuvriten

refersth vein toa the rotqina ( tate aspeitdb lcrncag

paa ele V*eVt~;U if y!q

!b s.bjrptz e~ r reter to thf eetrb e vibraticasl sai o a o±s

nvt~~ct~- nd Uend N? are kitWCC rn en ncag4!mr-C* ckv ic 41pA4

&)!ni~~e~t~Zogr Rtblw . i coateldtutiof '- he UBn~lt'ar xz~

~sr U iacttni tEct -t can be urirttea (rn--f .

le-~t '0 *%A-sh t

sFo

------ % &-



where the primefA cc-ordinates refer to the opsee f~x.d 9181m$ the oarmtes

r.refer to a soleituWe-fixed systm at( Xp 0 ~) Is a gro VASUM~ ten-
sor whbose elenents ame the dfrection ea~elm relatedi to th~e Nalulma votat1m
angles (0,X,0.Usixtg brweket wtation, Eqp. (56) ýAi (5T) CM~ be a4*
to yield for the transition woaet

An equivalent forwulati'~n (within %ihe So=nOe ie pr~~i)yed

for tlia dipole vel=city foim of t~he tr sitIn mumnt

The matrix elements ('''t(, )IA">etri the gm*z seIlctitm

I ~rules for an alloyed transition ard have been evalnated for 2WXy tMpes of

t~anAtins ref.TO71 2).S~aming Sq. (56) over tte degmmerte Magnetic

/ ~quantum numbers MI and MI , ve hae from Eq. (5J4 )

vhreis the HonI-IDndon factor (re~fs. T3 J4h and

s{ ~is the band strength for the tralwition. Ccobining FRs. (51),. (53)p fiz (60),

i:7 we have for the int-easity of a single mzdtting Line from upper level ii:

lam mVJ'(62)

.2
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where N'Is the number density iu the upper rotationasl state J1 and 'O

(2 Jf A" ). (2S1 + 1) is thle electronic degeneracy. Takinlg aw average

val~ue ofAE J,, for the whole baul, Eq. (62) can be sunled to yieldi the
IAt V' t

total intensity In the (Vt., v's) bsaAd

Vher 11 :r.Xjis the total mzmber density in the upper vibrational level v1
j

andi wheze ~we make use uf the group summation property

CComparing Eqs. (53) and (63)., we have for the Einstein spontaneous trausition

coeffic!Lent of che band (Vt, v")

4 ZE eiv (65)

Simlilarly, the l~ifet~ime of an upper vibrationial level v' off state n can be

Wri'. en

A AV

where the summation runs ove r all v"' for each lower state n. Eq. (65) can be

cast in the cowpuýýational form

/AOV (21. 41759 x0) AV OV

vhe m reE v' i are in atomic units. It is also often convenient to
rela~e '.he ..ransition probability to the number of dispersion electrons needed
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tOe~lain the eslaslon strength CJlaseicaflJ. Sai inhez, the fur or

oscllaorstrengtt o emiunisiz, isgien b

Mke inver'se procews of aboorption Is related to the dove

* ~~tbrugb the EInstein B eoemfficient. Co1ad~to Sq. (53), 1000i for

a Dingle line in absorption.

z:~e * f3 A in~ S inS(69)

whiere E( Ms is tbhe absorption coefficient -*: a bern af Vhgts of rfiMM

GJ.L

I-c ia JL*+ ) (70)

is the Einstein absorption cueificiient for a single JIMe. ESin131 over all

lines in the band (v"., v)., assuning an average bandl frequecy,, we obtaft

27

my (71)

where Vv is the t~tal umber &=ity in the lower vibmtioual tute

V. CPePM tug Eks. (67) and (68) we can define f-anb&- or Weci la

tor st, vo~t IM~ -orytion as
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in coqputation form, Eq. 72) beccaea

fa. $ 3 p, ue)(73-)

where AE M V tad are In-atomic units. Combining Eas. (6.5) eW (68)

J, and caomaring with Eq.. (72)# we see that the absorption and emission twumaber's

are related by

f ~ m~vU(4

Some cautioni must be obseeved in the use of f-nmijers give eitej yE.(8

or (72Ž) since both baud f-numbers and system f-numbers are defined In the

literature. The confusion arisen from the several possible band wizeraging

schemes that can be identified.

An integrated absozrption coefficient (density corrected) can be definted,

from Eq. (71) as

.. fV kT Vw(5

4 -V

ve"I No4V " (75)

Using h c/k 1.43880 am-KD, we obta~in a coputationial formula for the

integrated absorption coefficte~at as

6i Ar0(C12 w
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The total integrated absorption is found from

= ,2 , sv,'v (78)
V V

where, under normal temperature Condi ions, only the first few fundamentals

and overtones contribu*- lo !he summations.

The developments gi;'en above are rigorous for band systems where an

average band frequency can be meaningfully defined. Further approximations,

however, are often mad&. ,.-br LB•l'it, the eletronic component of the dipole

transition moment can be defined a-s

k p (R) : <j t-c. > (79)

This quantity is often a slowly varying function of R and an average value can

sometimes be chosen. Eq. ('4 can then be written approximately in factored

form as

where qV' v, the zquanz oa, "hýe vibrational overlap integral, is called the

Franck-Condon factor. P *• is evaluated at some mean value of the internuclear

separation H. In addi*.ion, i, in some'limes possible to account for a weak R-

dependence in Me by a Taylor 5e:'ies expansion of this quantity about some

reference value, A. Utzually *he referene.-e is to the (0, 0) band. We have

o0

Substituting into Eq. ( an) ,; intes:rating yields

MW m, V eo-L +( il-R 0 p) + b(R+..#-.Rq1) (b2)
ii5
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whiere

is the R-mctroid for the, transition and

2is the R -centroixi. N~ote that this last term differs (to second1 order) frcm
the square. of the R-centroid. An alterniate procedure can be developed by

evaluat~ing Eq.. (79) at each R--centroid,, TR

v V

~ Z I ~.(85)

Eq. (85) SSeUMS that the vibratiODal vavefunotiw productq ~ behaves

like a delta function upon integration,

* 1Th range or' validity of Eq. (85) is therefore qiaestionab3Up particularly for

band systmes with bad overlap conditions such as omygen Bch=&= R-unge.Ti

range of valicity of the R.-centroiA1 approxlatioaa has been examiwd by Frazer

(ref .75 ).For perturbed electronic systems, the transition dipole mioment

will have a strong R-dependence and R-centroid or other a r~Imationa vill be
Invalid. A direct ev-aluation on Eq.-(61) wou3ld therefore be requird using th,
full~y-coupled system of elect roni e ad vraonlweutions to Properly

account for the source of the band pertu baions.
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fte i"Iste in alclatng y"Biim robMI-tlesU te dter

ijnai or finalR) Sthe lii ctule tipal trn aitom m MzOlmitis is thP MUMex

riawlOf oreWla SePartIOMP sf, reachd i.n the vibr&UoMI Uvls to be

coiwijiRad. Wgag the &VvefunctioO In CaaiptI U&to 1atemnre ti m
N

C;e) Oc~%()T)V

we can write Eq. 0j9) as

I (8a)

priae Wrtoralgebras to products of one-electrou Integral we tb

It s cearfrM Eq. (8o) that the am,=k.Condw~ factor plap a doslaut

rob n h deteuiuation of inteusitiea for a particulaur trrAlitIaS In abu

system. Meexerimental evidence (rel's. 68,,69., T,6-82) is owxvhelsiu that

obaerved vibratiowal inten~sities can be correlated by a relative W43te1ty

scale determined from~ the F'ranck-Condon factors.. moOdieW. l saw cuaw by a

slowly varying fac tor of the interuuclear separatioau w*aicda mnrquLre to Vat

the calculated intensities on an absolute scale.* Tis 1=1498 that an wCcurate

solutimi to the vibrotioaal-rotaitional Schr~inger equ~~a Is %vuj~red for

tegoleculaxstatesof interests but that the ele a l ttMuiatin zoamts

convenientl~y paramiterized.

Ievibrational..rotationa~l va neT~tIr2s #" R)sata

4: ~571



k,

Aber lk ' a.Is IWUCS EMS 9 Li U~ 1 (R) ,.Is paterj& nrp'. interactica

$ ~~~~for the electrntic state 46d aetevbtna nre eogn

to this state. Studiesof taý sasittvity of the I.j to *a assatad potential
liticate that. (with the pOssibleexet1moZa e)toetclata
ates of it(a), tiUt meutt tics electronig strw~ture cslcultios itora . i-

(refs. 840,5) Vanderslice (rr. 86) Zelnalk Iret. BT) #adotbers.Thus

of "expertmontarl Mf potettial curnts Is espeoially critical 'ihen there is

a bad Frenck-Cocdon overlp such as is evideglned by the SC&ainntuxe eysta
of oxygen. Here a cha;ge in tbe- potential of qproxisately 1% reflects Ini

anorder-of-IAgnItude change In. ;veditcted FrewtnCoznoc :fators. IX aitio

the uwe Of po0tentil fuucticn derived from Hartite-Ibek solutions to the elec-.

trnie nwuavetionA Will yieI4 increastgly poorer estiates oa the Frenok-

CoVon factors for higber vibrationaul levels cuing to the iaqroper ccamections

of liartiese-bek vavefiaztiows in both the united sit seprantd Ltm Zijits.

Theaccrat nricfl solution of Sq. (89) using W~ potential rawtlovs baa
ww bcow-routize uaing the prccedure of Cooley (vref. 88) based on the &uewov

method of inte "-ti=a. Cnvenient pragres tbr wc lshin this typ2 Of Cal-
culation have been written by Zare(u 9,Ucozs(e.9) nan oterls

for bouat-bou I trunsitl Ionsad by A=lJsn and We~g&= (wet. 91)go sitWBchfl9 )ef Se tor b~uwitrseetraratioa. Voiia;nccurate. R ntiahz based

or ewin ~wderived v) vnhw.

SThe oh Jitito caLeutjlaa iofr electr-oaic treasitic awa WO. ba t

CW*lvcd suc~h his& accuxfl. Vati veatfnLt4 oaaI a few calcoUltio Of ab-
solute gee fliator strezgttL av baw a Wn.t ta. likna Bee (f.

93) esployad vsimnawoia WIW nvwettUiitia In SA ezamiaatka4 or thle

O8eiulatar ctremstk of the Xumn and iemr bard system In %.fates



. .... . . V
(ref. 94) ezaain-d the N2 * first zgatine tatd syetes usiug 1C) iwAvetntwos.

-Mp~cnt'' -~ ~hteas .9 5 -/ a -ae X -A A ttrmsstsn at
the CH redie4* uslug W0W. vavefonctixi. La. 195D ý(tdOct .98T tslca
out, calcsulatioaa for the finav zeagtiw syatawxh0 I bjA - h

C.Zf4ljjrS~ - cl'Azatberja 'ba "WYtX. eA PAD vavenratiaa vit~a biout

dipole length arA ipl velocity- to2~os ti int 1"ItIvea
secondi positive systems were first reported by Fnser (a'ct09). Mull LA. 1952
(rer.100) repeated, within the dipole velocity ajpvit~,tLh eairfer e41n
eulati=ons U fItlke Ri~eke (ret'. 93). A more thorowu stdyw

carried out for the 14man bezad system by flenson ant 11ifl1ipao (reran)
Using IM1roved CI nvtunct ions * Clesenti (rerdos) recuLtulated the &on

~ ~- bands using the dipole lezgth aVrozinat~gs tithiu an SC r r.A
very accurate analysis of the Z - P trunsiticans In H2 as beeti reported by

Uutbeaber, and tDvidson (ref. 3.03).
In the lest several -years there hass been a rapidly iwcnUg =Aber of

at) fWtio caletautiou of tunisitioa uoatta. Awt- thee in the- VO ccM

(ret. 104) oan i &an CH, the studies of tnswitloaa in Sefl Wa V4 bly LCsa
wAn Nvidwsoa (reftso, itO en h wto enneler sat vpkie on hfdlrdu

(ref. 104, oa the 13 eleetrcic sy-stats -,0 CS, 00, &1,BO tar a
(ref.lob WAt oza &U and -Vj6 (re r. b4.Very ac-curate tb.-oretical realta-t

have been resorted for b4aid zystren in Hýby Valuie-vta iret. 1i4( ucw for b"l

definitive tteore 'teal rs2t can bvý obtained for tka-irur eleenau Iwlcls

c44, be exp~aeted to haw, wrder-of-ca~ntp.w1e ucta'ay. A 1wJ0 -~l 01StC.

calcutlaton, boaver, C44a be to 6ami- irns1ght izws the n3Idty of S-cctrAid

or other sWavxUate ansiynea of' WAi iateusitis

59



-315.55

-315.60 2v+

- 3

w -315.66
ui

i>. 2 v E

z Lu-315.70

a 2-V 31

o -31s.75

I-

- 315.80--

-316.8 II
2.0 3.0 4.0 &.0 &.0

INTERNUCLEAR SEPARATION (BOHRS)

FIGURE 1. THE CALCULATED 22: ' STATES OF AID

60



-315.56 1I I

-315.60 b--

4-- "u 1DU

-" -315.65 '

.Lu

o-v
I--

I-

uiI0

S-315.70 '-

z 2p + 30 fu -po

C.)
'u
,-Lu

~ -315.75 -

-315.80 --

-315.85 , - -
z0 3.0 4.0 5.0 6.0

INTERNUCLEAR SEPARATION (BOHRS)

FIGURE 2. THE CALCULATED 4r STATES OF AIO

61



-315.55

--315.60

21,m

j -315.65Lu

c-

C,-
uj
z
Z

•l -315.70

Z21 2pu ÷3pg
0
cr"
I.-
U
Lu
-J
LU
-J
4
I.-o -- ]15.75

-315.80

-315.851iI
2.0 3.0 4.0 5.0 &.0

INTERNUCLEAR SEPARATION (BOHRS)

2
FIGURE 3. THE CALCULATED 2n! STATES OF AIO.

62



-315.I55

4 f1x

-315.60

2 p u I Do

w -315.65
IL.

I-

w
z
w -315.70

z 2pu 3p"
0 4a, ./

I--

w-J

4nr

o -315.75

-315.80

2.0 3l 0 4.0 .0 6.0

INTERNUCLEAR SEPARATION (BOHRS)

FIGURE 4L THE CALCULATED 4 n, 2A. AND 4A STATES OF AIO.

63



3.0

e 2,, +

2.5

20 /

2.00

-- 15

1.5 -

A 2

I 10

\/

0

0.5

x 2

0

0 1 1

1.0 1.5 2.0 2.5 3.0

R (•)

FIGURE 5. RKR POTENTIAL ENERGY CURVES FOR AIO

6h



-81.7

S-81.8
Lu

2p * 3

uJ -81.92, _

0 8.

L2

-82.1

2.0 3.0 ..0 5.0 . 6.0 c

ONTERMIUCLEA-iR SEPARATION (BO.HRS)

F!GURE 6. THE CALCULATED 2 1 STATES OF LiO



-81.6 r-

-81.7

2p +'1D
ij -81.8

4

so > 
2S+ 10

w 2 p + 3 pz

W -81.0 ~

UF

+1- 2Sg + 3 p

--82.1 H

-82.2

2.0 3.0 4.0 5o0 6.0

INTERNUCLEAR SEPARATION (BOHnRS

44 -FIGURE 7. THE CALCULATED STATES OF -
- STATE OF L6

,(.i A



2U 
3

02

6.U.

-6267

7C1



--81.6 1--

20e7 1

'3 2 Sq+10

w 4n
L -81.9 

2 +7

0

2 SO 3po
tuj

44

o -82.0

-82.2

Ao

-82.2 I II "!.
2.0 3.0 4.0 6.0 &.0 dof

INTERNUCLEAR SEPARATION (BOHRS)

4FIGURE 9. THE CALCULATED 11 STATES OF 1O

68



-4hA

2%. +D

0
22

-82.

-82.2
2.0 3.0 4.0 5.0 6.0

INTERNUCLEAR SEPARATiON (BONAS)

2 4 2FIGRE 0.THE CALCULATED 4 * AND *PTSC I

69



+2.5 1

+2.0

+1.5

,~+1.0

+0.5

-0.0

1.0 1.5 2.0 2.5 3.0

70

..............



-1333.3

Ap +3p

-1333.4 3 , 3

>. -1333.5 3H4+ 3p

0
a..-1333.6

01
I-13.

-1333.7

-1333.9

INTERNUCLEAR SEPARATION (OHR$W

FIGURE 12. THE CALCULATED 2; STATES9 OF iFao

71



-1333.2_ 
_ _ _

~ / -133&3.

-1333. F F +3

>- -133&.5 34

MU

~~72
. ... .- 1.33. ...



-133Z33

3f :

>-133=6 3 -

~ I U
%0

--1333.6

-5SU

-1333.8

INTERNU'CLEAR EPARATMfk W-Wift;

FAE14, THEM4 L'ID2 STATEM OF k

73



vsv

4-~4 
4- '.-A

44(4

.. 4. ..

-1333.

4T



60-1

............

:1t

> 13fl

LiUA



Af 2

. kI

SO1 .

I
I f
I / J

4
-� . SI .. At -�

-- r -�-�

I

V)' � -

� K.
* .� Jr* VI II b%%%�%

AK 1
- -

0
- k- �'-I 11/

�6Nq I
$2 - txiN.<M

-C I /
ID 4

�4�;2-I r
I
I If r
I j

- - 5I ,�T.

dO SW::

4-c. ��1

1'#- "C N
4z. �'�-

22 - - 10
10

'OYENUAa. �ME54W GU&VtS FcC F.O

-A--

C - -

- -. -ii
* -SC�



U'
H

I 
-. IPr

- '.- I
I
IF' � 7t1  

-I

-

I
STATES k� LANO I

TORtE9 t. *uasi

'±��ua
To * �JaT

-4

£1
-j

-iLr '4-I 
St

it

-'
-� 

I�
fr
�b -�C 

it.
/

1'

'I '4 17 
-'1

V - - - V 
1�

10 14

-'C',.

1�-pr�t�n� W STAWSWUO

4 -� -- -

C-�

-�

-4,

C. -

I



.'1 ....

..........

63 -STATE8WZ-. DISSOCIATE TO THE-
5L+P LIMIT

SlrATESflV.nOISSOC1ATE TO THE

5K. 30AUm T

- ?'......

OR .

,44M

-4I

&R

F-- .4
PtLE R 1 TTSG



r' 3p

7.0ý

STATES IJ.U. DISSOCIATE TO THEj

STAT ES N.T Of '1; TE TO T14E

50 5K -,MIT -

-U 4.0r

3.0-

2.0 fL

1.0

0 0 .01.4 1.8 2.2 2.6
R (A)

29GUR U. iE Ri STATES OF W0

-. - - -- i--- - -. - -, -~.



r 5L 3p

.L

7 STATESUI,.m DISSOCIATE TO THE 5 L. 3 P LIMIT

STATES'•,SV DISSOCIATE TO THE 5K - 3P LIAIT

5 -]

>

0A 4L . .- ... L. I '1 --- J -

1.0 1.4 1.8 2.2 2.6
R (.\,

FIGURE 21. THE 5• - 'SATES Oil UO



STATES ,,W DISSOCIATE TO THE 5L + 311 LIMIT

VAT"I. .M DISSOCIATE TO THE 0K + 3P LIMIT

6 --

5 I

S1.0 1.4 1.8 2.2 2.6 ,,.4

22

R(A

FIRUO E 22. THE A STATES OF UO

S81



8.0-

20

15

7.0-

- ----- -- uo+

1~ 6.0r 
0o

5.0-

4.0 -~

3.0 --

30

__________-25

2.0 -- *~- 20 -

15

0.0 _ _ __
A. 1.4 1.8 2 .2 * 2.6

R (A)

FIGURE 23. AKA POTENTIAL ENERGV CURVES FCil UOAM D~M

. -u If 7 ,~ Z-'~



I I

13.5

* 1 17.5

61.5

9.54

8.5 (A)

7.52, M ; AI2 WU



V 12.5

11.5

80.5

I 7.5

I 6.5

.~ . ....

..... ... 1.0 1.4 1.8 2.226

I.I



M25 -

12.5

10.5

7.5-

5.5-=

6 II I

L~"a Wo

4~I ) 7.



41+ 3p
I ~13.5 -

12.5 -

- 11.5

10.5

8.5 -

7.5 -

&.5

1.0 1.4 2 .

2U 4%aaC

14 ~ ~ ~ ! V I ý6~ 0



10.5

7.5

65-

1I..

atAT



4
1+ 

3
p

9.5

...... ....

0,77"

Ravol"i ra Il



13.6

12.6

if&

11.5

LU 9. 5

........... . .. .

75/

as/

..........
I

Ir



136

4'4Ilk

IIX

SA

* ~ ,gI



11.5

IMF$

L*1
71.5



�- �

t

F I
L.�.5 I

10.5 -

5;
g

I
9.5 1

I .� I
71 // 2

N�$-�� /
r \ A

S S

ks-k I; / --- 4

IA
I

. /
1� -1

4 I
Sb-.

� �

I I

� _ :-::� - *�*�---* - f� $�-\S.� -- �'



241073

21329 3

205820

I.
EN

I1

ix g+ o 1g allt 21 if t4 190 41

GROUND STATE VIBRATIONAL

FREQUENCY, 8656¢ -

: ~~FIGURE 34. URA•NYL ION We*2++ ENEWRG LEVELS

93

I. / I



-- Mao.8

* -,-.-90 --

w~31 +% + •o•

-421.20 -

3F 0 +1 Do

J- 921.30 -

3F +P

-921.40

92i

-921.60- 1 1

1.0 .0 3.0 4.0 5.0 6.0

INT•RiNUCLE-AR SEPARATION iSOHRS)

,•i!FIGURE 35. T14E CALCULATED I1I;+, - STATES OF 1NO

94" 4" •



-921.00k
6a +gp

w-921.10

-j-921.20 
G+P

-. J0 &0 40 6. "
4NENULA SEARTONJ

9041

o ~ &T ddW3E, tao i

95

..... ....



-92M0. I

71;+

-921.00r

5
+P

3F 9

9 'g

-921 .40r-

-z2.50
YF .0 2. 30 40 .0 6.

INENCEA EAAIO -MS

-t t o i

9-096



-920.70 I5

-920.80-

-920.90-

5 p,+3 po

cc apo +3p9
< -921.00-9

> ~ 5 F +3 p

-921.10-

ulS -921.20-

-921.30 g

-921.40

-921.501
10 2.0 3.o 4.0 &0 6.0

iNTERNUCLEAR SEPARATION (BOHRS)

FIGURE X8 THE CALCULATED Hf STATES OF TiC)

I9



w 5 p +3 pq
C- 3F + 3 p

Ca 9ww
Lui 9 1.0

tGg + 3pg9

~1/. 3F9 +10

9 0g+9

1.0 2.0 3.0 4.0 5.
INTERPJUCL.EAR SEPARATION (80OHRS)

FIGURE A9 TH-E CALCULATEtD 3H STATES Of 110

98



-mo
I7

(A 
~ 5p + 3p

4Fq3pq

w -921.10-

Ul

-021.30

+ 3pq

3F +3po

-921.
1.0 ý2.0ý 3.0 ý4.0 5.ý0 ý6.0

INbTERNUCLEAR4 SEPARATION (6OHRSI

*a~g 4u. The u uaso aw m In sawof ci rO

I 99



-uu

w ~5po 3

-W41.200

--021.30-I)+S
-Ig

p. 00



-920.90-

5W 5 3pq

uj-921.20

3F ~ + 70

2E-921.310

-921.40

00



4.

WA 41HUfAULl



cc 9

3 00 IP9  -

1-0



.1 f...........

zh

g+ 3

-

3p-w 3Fg

.1 5Fa
3
pccmo

z

7 ca,

k tD .3p

o3*0

-021S0 L

SINTERNUtCLEAR SjiPARATIO-a 1(BOH.RS.)

MUW A&TH CALCUtATEC t STIATES OF TIC



-920.70 I III

-920.80-

-920.90-

LU

S -921.00-3 +P

pg +gp

-92.103F + 3pg

0

LU -921.20 -

A4  99
-921.30 3

9-p 3Fg +1D

-921.50 A
1.0 20 3.0 4.0 6.0 6.0

INTE-RNUCLEAR SEPAflATION (BOHRS)

Figure 40. TMe calcadW 34) state of TiO

105



Iir - , T f

--------------

U U
N0 o

-121.

10~~ ~ ~ 0040 & 0--m

ONYERNflJCLEMR SEPARAVfON (BGMRS)

10o6



:`;77:-:"-_V_771,____

Ir
-I2t -

fwp 4&MONW7A*90

207



3r p.3

4200

S -921.2 upF,

1. 2. g, .0 &

1081



-sawtSQfYSV3#

-921.20-

3F A'

-021.40

20 10 4.V

14 1



+ 4 9
w 3 p+ 3 pj

69 +
> -921.100 -

0. 
-912-1C23

-92-

~~ 
5 p 3 pg

- -921.0

1101
. . . . . . . . .



j'F~ ~.H

3q 3

-4 -12 -

-9~~ICV 3G4P

~ 9 1.00 2.0 .30 p6.
INENI-RSPAAIN(ON

fip 52 .W -atd 11 * md6 iS



3.0

10

2.5 2

2-.0

2.0-0

A0 1

1.15

-. 06

U015 2.0 265 a

AIGUA" 63. KKM 9#1bM4ATI EMMf VM FM TO~



-1 CU CUU-I

0QD -: y0-4C

tj -1 -t CU C 4 m

- Id

5t- -..4

.4 04

-4 co ~ -

cc IA
UN+

_I m OJ\



-~ ~Tab le 2

Configuration Sizes and Number of States for VCI Cal-
culations of' Various Symmtries for A10

No. Cfgs. No0. of States
(to tiro lovest

* 4A~.dissociation

limits)

1.09 3(A), 3(-)

106 J.(+)p 2(-)

fl159 5

48

84 3

2

4'

46V

ii2



~~Tsble 3

LO-tLY111-49oleculw-.. States of AIO and their Dissocia.tion
Limits

Dissoci~l~on timit, Molecular States

Al+O0

3 .2- 4. 2 ++

p~~' (2), 3P(p2 (Iv W

2.2- 24 2 4

21 2
(2)j!~ (3))AM

C } ~c9t~ Wh,-' t state., To spe ±tfig kymontry,



Table 4

Repraeueting Dissociation Limits of' low Lyin~g

AIO States

to nyr Reistive.
Atomic States Tbtal uEw=. -brtes) ' p()

il4 3p -315-71895 0.00 0.00
u 8

~12
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Table 7

Calculr~ted OszA]iator Strengths (fn for the

"ytt 0Dlue-Gren System of' AIO (B2 ; + - X 2E +)

0'v 1 2 3 4

0 1.172-02 3.147-03 3.298-04 1.367-05 1.453-07 4.943-12
1 4.417-03 5.3R2-03 4.436-03 7.687-04 4.244-05 4.089-07
2 9.955-04 5.788-03 2.121-03 4.721-03 1.201-03 8.249-05
3 1.718-04 2.172-03 5.613-03 6.133-04 4.506-03 1.578-03
4 2.519-05 5.262--o4 3.136-o3 4.759-03 6.882-05 4.070-03
5 3.326-06 9.866-05 9.979-04 3.754-03 3.714-03 1.825-05
6 3.915-07 1.5"-05 2._05-04 1.509-03 4.034-03 2.724-03
7 3.111-08 2.031-06 4.275-05 4.202-04 1.997-03 4.035-03
8 7.549-11 1.970-07 6.614-06 9.154-05 6.565-04 2.411-03

¶ 9 1.522-09 7.523-09 8,313-07 1.652-05 1.653-o4 9.207-04
10 8.799-10 2.288-10 7.269-08 2.495-06 3.414--05 2.645-o4

6 7 & 9 10

0 7.396-10 2.328-11 5.825-11 1.102-10 3.410-U1
1 2.297-10 1.674-09 6.285-11 5.1457-10 2.674-10
2 6.989-o7 7.824-09 1.45-o9 44.50-10 8.077-10
3 1.274-04 9.138-07 4.442-o8 1,638-09 3.948-io
4 1.889-03 1.716-04 8.989-07 1.310-07 3.132-09
5 3.570-03 2.135-03 2.110-04 5.974-07 3.010-07
6 1.889-04 3.091-03 2.323-03 2.424-04 1.796-07
7 1.889-03 4.322-04 2.668-03 2.464-03 2.630-04
8 3.332-03 1.239-03 6.721-0h 2.315-03 2.569-03
9 2.726-03 3.499-03 7.616-04 8.738-04 2.032-03
10 1.194-03 2.932-03 3.100-03 4.311-0.. 1.026-03

120



Calcu1atted Oscillator Strengtba (fve.)•+for vie Vibafm &9ut Tnm- -

of A1o (X + -x2Z +)

vV"0 1 2 3 " 5

0

1 1.203-06*!i• "+ , .589-o8*•

2 7.879-15 2.514-06
1.978-08 8.014-08

3 3.356-11 2.857-11 3.93846
.T46-09 5.822-08 -. o75-oT

4 1.431-14 6.144T-ii 1.491-10 5.4.63-06
2.319-10 7.955-09 1.137T-08 1, •58-o7

5 A.472-12 7.659-3.3 1.o9T-11 1.4o2-_1O T.00-06
9.629-11 1.311-09 1.919-08 1.830-OT 1.339-07

6 1.4J08-19 5.131-11 14,6-11. 4.-10h-11 z.99&11 8.M.0'-6
4.391-11 2.886-10 3.586-09 3.498-08 2.61C-e7 1.3I4-07

7 1.443-12 5.360-12 6.439-11 1.101-10 3.30D3.10 2.680-11
1,930-12 7.269-11 5.97o-10 6.936-n 5.646-08 3.471-07

8 3.286-13 2.307 .12 4.687-11 3.430.-i 1.709-10 1.148-09
7.976-12 1.O85-12 6.4~24-11 1.230.09 1.172.-4 8.366-08

S- 9 1.398-12 1..'4-13 8.061-'3 8.69k-11 1.88-1 1.879-0o'•."1.350-11 2-T30-11 1.13&-13 1..~ C 01 1C •+1-9 1.81.8-08

10 3,375-120 2-970-13 1.0,15-11 5-88912 1.390-10 5.23T-13
4.314-12 4.098-l1 2-159-11 4.148-13 2-06&10 3.61.0-09A i 1p121



Ta~ble 8 (Continued)

6 /VA7 8 9 10

V 0

2

3

I 5

T 0~5i-05
7' 1.278-07

8 5.340-10 1.237-05
4i. 362-OT i..162-07

f 9 ~~~~~2.396-09 9710 1.295
1.163-07 5.287-07 9,971.-O8

10 9.522-11 3.T86..09 4.4i6T.09 1.632-05
2.703-08 1.525-OT 6.251-O7 8.oc4-oB

* Uing optimPterd 7? vectors
'~Using optimized a vectors

122



Table 9

Calculated FPauck - Cosmt Factors
('v'v"') for the Blue -Gnen zyste

of A1O (B 29t P-02)

v 0 2 3 4 5

0 7.236-o0 2.4)2-o0 3.193-0 1.837-03 3.48-005 5531-09
1 2.2.68-O, 3.389-01 3.518-01 7.653-W 5.852-o3 1.20o04-
2 4.280-02 3-015-01 1.355-0i 3.847-01 1.234-01 1.163-o2
3 6.1no-o3 9.467-02 2.965-01 3.987-02 3,766-01 1.673-01
4 7.6%0-04 1.903-(2 1.389-a 2.549-1 4.577-03 3.489-01
5 6.793-05 2.879-03 3.692-02 1-69W-01 2,017-M 1..193-03
6 5.460-06 3,4884 6.998-03 5.7j-2 1.W46-01 1.497-01
7 3.726-07 3.480-05 1.035-03 1.316-02 7.699-0M 1.873-01
8 2.4149-08 2.9355406 1.248-04 2.318-3 2.111n02V 9.464.0o2
9 2.460-09 2.408-o7 1.283--05 3.3094&a +.350-03 3.03~4,0W

lo 6.292-1 2.220 1620 4.038-05 7-2-ý7.0-0

* 91 6 78 9 1
o 1..407-08 5.988-31 7 573-12 1,1O0-13 3,734-.•A.

1 1.523-08 9.379-0W 1.037-10 7.495-fl 3)i446-13
__2 2.469-04 5.009-07 3.379-M7 5.444-U,3714

1 3 1.869-02 3.795-04 3.224-06 8.6241.-0 .006-09
"{4 2.062-1 2.620-02 4.757-04 1.201-05 1.73,9-06

At 5 3,142c' 2.398-01 3.358-0M 4-985-04 3,304-0
~ 6 1.268-ca 2.793-01 2.64-1 4.029-02 4.3-4=04

7 1.049-01 2.933-0"- 2--479-01 2.9294)1- W$J.O
8 1.8a3-oi 6*o8oa 4-593..02 2.W154 3.1143-M1
9 ,.088-oi 1.668-01 4.289-o2 5.997-0W 2.0074)1

10 4.021-02 7.c47-0

1.4*4123
y.. •i



Table 10

Calculated R-Centroid Factors

for the Blue - Green
System of A.... (B 2E4- - X 2t

012 3 14 5

0 1.6147oo 1.726+00 1.812+00 1.~9214+00 2-130+00 5.816+00
1 1.575+00 1.658+00o 1.738+0o 1.8214+00 1.9140+00 2.170+00
2 1.509+00 1.583+00 1.672+00 1.7149+00 1.836+00 1.956+00
3 1.4142+00 1.517+00 1.591+iou 1.694+0 1.760)+00 1.8148+00
4 1.368+00 1.450+00 1.5214+00 1.598400 1.765+00 1.773+00
5 1.281+00 1.379+00 1.1459+00 1.531+00 1.605400 1.1478+00
6 1.171+00 1.2o96+00 1.389+00 1.467+00 1.538+00 1.612+00
7 1.027+00 1.195+00 1.310+00 11040 11740 .440

~ 8 8.763-01 1.069+00 1.216+00 1.240 1.408+00 1.481+00
9 8.8148-01 9.401-01 1.1014+00 1.235+00 1.335+00 1.1436+00

10 1.127+00 9.289-01 9.9114-01 1.133+00 1.252+00 1.346+00

6tIN 7 8 9 10

o 1.859+00 3.025+00 1..805+00 2.513+00 1.6144+00
1 -3.319+00 1.932+00 4.290+00 1.938+00 3.02o~oo

....... 2 2.218+00 5.107-01 2.003+00 -1.918+01 2.061+00
3 1.9.14+00 2.277+00 1.6+o 2.076+00 6.724-.02

14 1.861+00 1.910 2.355+00 1.4148+00 24136+00
5 1.786+00 .1.873+00 2.010+00 2.1463.00 1.615+W0
6 l,61moo 1.799+00 1.886+00 2.0 0+00 2.631+00

*.7 1.619+W0 1.4+0 1340 .9+0 2)1+o0

8 1.550+00 1.626+00 i.651+00 3..iB33+00 1.913+00
9 .87+00 1.555400 13+0 165'o 1.84~7+W

t0 1.42.+0 1.49-3-00 1.560+00 1.640.40 058.0

i24



for the Vfrv~icalwA~auoJTS

-Alo (x 2i + a

0 1 02 3 4 5

0 1.023400
- <2 1. .:51-02 .6314400

2 -2492-03 5.897-02 i.6W41.o
.3 24&k1.c,! 4-.339-03 T.249-02 1.655400

4 3.1905 4.910-014 -6.103 8.4o1-02 -t.666-.roo,
5 .~ -o6 ..6.7&T7-05 7.809-04 -8.01.0-03 9.429-W2 1.678+00

6 .446 0 1.00I1O-05 -1.181-04 1.11.1-03 -9.865-03 1.03T-01
AC' 7 1&:15--W- -1.243-06 1.87T-o -i.8x4-o4 i.490 -i14o

S9W448.o -.3.3614-08 -2.495-06 3.078-5 -2.579-04 1.882-03
z9 -3.286-08 1. 380-O7 .6.020-W8 -4.326-06 4.6Y2.05 -3.479-04

10 ~1.621-08 -9.132-08 3.01.9.07 -1.151-07-O4-OT.mo

6.78 10

0

3

6 14V4*ao
d 24 .o .y0g-L -.37012It04

10 .. s5- QJ~-03 .440 .6-01 13~

125



Table 12

Calculated Band strengths14 ~~~(p,.,., for the Ble- Greenryse

of A3. (B 2X+ X2.+

V/ 0 1 2 3 4.
I 87-o 5.281-02 5.81-03 2.538-04 2.84(.06 3.041

1 6.781-02 8.652-02 7.478-02 1.361-02 7.908-04 8.032-06
2 1.470-02 8.931-W. 3.42.6-02 7.991-,02 2A34..oa .1.5142.0,3
3 2.4-44-03 3.222-W2 8.703-.02 9-914&03 7.657-m2 2.8114.o,)74 3.456-o4 7.524-03 4.677-o 7.-4i2-o2 1.12-1-03 6.94a-oa5 4.410..5 1.3161-03 1-41-M0 5.62,5-.02 5.8094)2 2.083.a4446 5.024-06 2 .uy9e0h 3.197-03 2.17g-0 6.WitWaa 4.h276.02

7 f e 3 - 69 0 2 -62.1 -0 5.73 1 -o04 5 -856 0 2 .89 6- W .02r* 18 9.107-10 2.146-4.,06 3.5&2a-05 1.233..03 9.192-o3- 34,5l12-o2
9 14783.03 9-129-W8 1.445-05 2.155-a1 2.238-03 129.2 W10 1.003-08 2.697 -09- ~8.37o~. 3.54o .y -i 357

6 9 10

0 1-.62342 5F.42-940 1.4-47.9 ).92G6.o9 9. 4ýý1o
i 4.76mo-,N 3.678-W3 xS6?aSo9 1,357.08 7,o3&q
2 1.376-05 1.(62-~07 3.178-08 1.038-(k 2.003-0
3 ~ 33 .3-o i .4-7 364-S 9220
4 3.379-W2 '~-0233 1.7P6-05 a71304Z 6.8S99-085 6.103--02 34i.84 3.0h-0 6 I82.o6

Iv-8- V -3-
3*08-3 5.3-d 41,4-W 4 6, ý3 3-%26I

2.7 -- 4.6Q-
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Tablte 13

& Calc~~WulAte Band Strenatha p,,,for the VibrmtonaI-tutotarf

1. 0

2. 1.565 o.95.%6-a

2.Otot1l015-0O5 3A11-0 549O

t*4T t- t54&-09 2.I638-W 4a
~Xt1~o$9-313-OT 201.Ol0 Ao

g. 6 ~~~8.303-31 3S659- 9 4 8 oatýo Ya&ý_

T.5% 9 20 & & 32 b 7 4 2 6 4 T ~ 5 t9 q~9.81-1

5 , 4 ,, 4 0 L 4 % 0 9 5 .9 7 7- 1 2 6 .1 6 5 T o s on
10 123&4~ 1 '13-Ilok4964-I4a&2-0 

~s
I. T I $ & 9 tOif-9 a23lt. ~ o .l.o



We13 (continued)
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~cr~n fa rezeters tor the Atulg Otitaliat LID

(0)

7%(0) 2.2266

2s. :Id).o.6396

4 2r+ 41)0.524;3

-- -. Zp (~)0,5243
.2,



TWOe 15

cozzfIgur.atioi mien urd ?otbe- of~ Stten- for VMl C&l-
eulAtio"2 of Var1oAn 3y.Vetrife for W4

No.____ ofo ostates

180 WS 3

I 213
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Tale.

taw-uting ftjecular St&tsa oftI a hi ~zeainLmt

DissociUtiaa Limit mleirStateS

Li +0

>44

_(2s~) D 2%(p) 4 (,f~) ()

2 22P~ (2p)+ (2p.") 2 e2 Z)2~()" ()

0(a) 0(2, A@, tAi).

S. D6 ~(2p) ItL4

U (2,p) + 1D (2h)2

itie fsai o -4aife 2ý.ory



-aic j..

&aerg tes of Lithium Atomic and Owyen Atomic States Rep- Rlt

+-81..95830 0.0000 000

-81.89089 i.9 ..&

2S +s -61.86'gB2.55 1.9674
Dg g.55

2- +"S-.81.79697 4.52 3.813

~4$ -2-- IM +\ -81.78339 4.T593 4.1898

+ .81OT1598 6.4573 6.0377 I
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Tal~e 20

Calculated Oscilla~tor Strengths (fvan)
for -the Vibratiomal - 1Notationa3 Tvonsitica

Of 14.0 (X 2*17 x 1

~#/" ~12 3 4i 5

0
1 2.3614-5
2 1.786.07 h-,,717..05

-3 2.063-09 -- 5.329-07 7.042-05
-4 .15-13 5.600o09 1.128-06 9.2147-o.5

5 '9.5147- ~3.10i 14.233-09 2.152-o6 1..125.&,
6 A.~.44 8-123410 2.776-09 1.003-W9 3.686-o6 1.308044

7 i 1.lj1 1.5584 46-o 2.049 1-5141~ 5.558ft06
8 1.197-U. 9A86012 2.076-09 5.897.10 14.405..10 1.781-08
9 9.1-32-33 8.66-12 5.256w12 14.258-09 5.627-09 1.6149-08

10 9_.1S332 IIk-14.f 4.061-10 1.091-09 1.406-09 4.332-09

/V 6 7 89 10

Si 0
2
3
4~

5
6
7 1.484.o14
8 7.1499-o6 1.659-&4
9 8.259-08 9.509-06 1.83--014

3. 4.142-o8 2.1204.07 1.5-05 2.001-04

136



Table 21

calculated Oxci~lltor Streagtbs (f t
for the A 2-E + .- 2 A12 + Systmw vof10

v/vt 0 12 3 4 5
0

2~ .1 3.698-05
2 3.005-.07 7.329-05
3 4.432-.o9 9.135..07 1.091-04
4 1.244-10 2.216-08 1.821-O6 1.1444.0o4

~~ 5i.7~l .9~o 6090 .o29..o6 1.792.046 3.487-11 1.191-10 2.477-09 1.221-07 4.5,72-o6 2190
7 1.851-15 1.103-10 1.703-10 7.974-09 1.988i-07 6ý609-06
8 7.227-12 1.551-11 2.258-10 1.313-10 2.442-08 2.634-07
9 3.306-12 2.085-12 4 133-11 J4.9D3-10 8.554-11 5.699-0810 7.1485.14 1.258-11 3.372-13 1.909-10 2.160..lo 1.760).09

S6 7 89 10

0

2
3
4

-~ ~ 5

7 2.446.o4
8 9.348-06 2.736-04
9 3.309-07 1.267-05 3.0127-04
10 7-878-.08 4.869-07 1.618-05 3.285-04

' - -- --- --
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Ml P

_v I
0I 3.2Qb0e 22601

0 1-13T-03 8.9632-03 9.903-05 -1.860-o6 -.426~-o6 -38-03
T1 24.8160 4.30T-083-915480.0 5.3420.05 2.858-06 .415.050
8 1.2T3-03 T-984-09 931-204O 3-0834OT 261-604 3.6o-o

~ ' 126-04 .lo.) 5i15.0 Jix.56..0 3.2244 2.m.2960>7 4 9~~~.3288-0 4.4382-0g4.05.8-103 .9-3 330 .94

7 2.438L-09 4.357-O8 -3.915-08 -5.20-05 -2.852-03 .50

- -.-93 35421-105 7.~-i -8 17-08 21.S84-07 -1.68Q-408 .1

10 1352205 1.737-049 4.05T-10 4163062) 6.336.4 60050

15t 8 9 10-0

0 -1.566-07 -1,056-0 14.656-o3 96.2~.o ...1
2! ~1. i6r-2i -7.5560 5.430 -.83059 .4.3407

Al3 3.541-05 -~-03 3.19.084- -1.828-o6 2.1>?.86-
lo42.081-4 .64i%03 -1834-0 5 .281&05 1.92"39.0

. 3.220 1.3 3 7.760 .4.163.o. .1.336.05

.................. 1 3 8



-Table 23

Calculated Vr~nckn-~ Fac~tor (qtv) tca

Vtiaate XflSystem oftU1)

5.8w4-0 2..60 .8- 3.121.42 81057-103 2.31803

IL 3.942-0L 1. 32?-0M 2.481-01 1.571-01 T.0TT-02 2.619-M2
2 64167-I 4.,;T2 oi 8.204-03 1.553-01 1.615T-01 1-01-4-01

>43 1. 0 A1.t9-41 3.98&-01 8.85T43 T.681-02 l.d&7-01
I .459-W0 9.54&-03 2.21dT-0 3.1-63-0O1 4A--o23-- 2.843-02

5 3-289-09 5.-1-464C5 -2.108-02 2 .333-01 .2~.2r01 8~0

6 6S2M-03 T:563-8 2.037-04 3 T P-0C 3.450>"-1 1.4814)1

j 4.019-Lu 6.618.o 1.473-06 8.993-06 1,.432.03 .8..216-02
9 2.99&12 2.629-10 3-9-8 3.8*406 3.780- a308-03

10 241 .161-io 3 1&-141 9.11-w-48 8.9$4T46 1.o9&a

v/t 6 89 1.0

5 ýtIY*0 4.,V10AI*T-05 "f"65-07 5.4moT)

71 8.23T-03. 2,rt 64-} 313o4 5.187-v, 3.69-aT-
Z -4A66-M0 14-,6-S - W-02&~3 1L16F-03 i-465-a49
3 11401! 6-M-042 2.836-M., 91.555-03 t3354X

5 .691 -0: 83C L5-A 934-IQ~l 5.0 0&a0 2
6 210 .64-3.,06 4&-0~2 1 .8011 9.T494)2

"T< 4>51- t.279-01. 3.9%.03 $3-496-%V2 9-395-W

1W.-1 -3942-01 1.S0f2 I.4%691 2.2. 44Ž

10 5.8O09.03 3.85OL 18i-01 y.oCo-04 1.151-M1
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Tabl. aý.

.47> lcugated R-Oentroid factors (< >vv,
Aý, K'!t,4 Jf*o the Virtj~iom Rotatlo§ trenition

-- 4,--3 45

1 6.Y4x-o 1.72,3+00
It2 -4.31-03 9,2065-0 1.742+00

.3 3.221-04 -7.623-03 1.140-0. i.!61+0w
4- 7.951-06 -6.484-o4 -1.-oqqwO :1.332-01 1W.781+00
5 -1.961-05 2.277-05 1.057-0.3 -.1449-o2 1.506-01 1.802+00

6 7-UG -4.64-05 3.5-05 1.543-;03 -1.813-02 1.7-0-1
7 3 4k06 2.31-05 -8.799-05 5.560-05 2.-1111-03 2.193-02

a 4.".4o7 -8.969-06 4.589ý-05 -1.457-o4 7.34-a-05 26.3

93.27(4-o; 2.52-4-o6 -i.852-055 8o033-M -2.2~249i 8.*5
10 2.114-o -9840 . -06 -3.4o7-0, 1...-.04 3130

6 7 89 10

7 1.628-ox1 6846+-W

3.510403 -3.009-02 %n P.1281Oat,
i0 1 .036-04 4.3503 -3A4i -WŽ ŽŽ5-1 1



tlb" 25

Celoultetd lmA trt

.44

3 64*)4' et944.3 1.1CkU *6C
5. -2908-0. -.2.m5 a~s -io a.IAU tso~a~.172

I -6

.4. 6. .4 o4

3

.* er -W

9
t f$i0



Tab le 2

Calculated R-Cobtroid Fact;= c ,,.
*for thteA% Z2x l -yetem otd

I-I

.5e
/V'v 0 2 3 145

o 1.658+00 1 .572+W0 1-510+00 1 .459400 t.412.0 I1.36300*
I 1.48480 1.693400 1.583+00 1016+00 13s63:00 1.415+0W

S3 18 0 .764+oo i.853+00 1.59,800 1.523+00 -
S318.i78qw G. 1.61-940 16531+00

4 3.3284W0 2.126400 1.-901-4W 1.&10400-i 1.60T400 t .651'oW

5 1 -39, 400 3.054+0o 22133400 1.917+W0 1.3410 L-61&S40

- -,1.- 4-. 0

/ 6 ~~~~~1.75L+00 2.671 +0 .2.862+00 2130 .3-0 .544

T ..3.9o4~.01 1.831+0 2.41r8t0 2.Y34+00 2.155400 1.9534(X)

.. 64. 3-0 2.6 ,

-.19-400 5.1:-01 1,915+00 2.L426

9 1.526+00 352.00 7T024ý.0 2.00340 2.446+0t0 2.577*00
10 .86&.4)0 a.66Nwo 1-23540L T. 3120 2.NO 34+0

6&0 !*w91.

o~30 1.)50 -.2.4 .0-490 .9 4.Ou 51&0 1.al81

1. .36Es " -00o L3• c Afl¶ .- ) I4Z S.y &)~e o 4 L "S

2 1.!6•-'00 1.31a -22 0 1,228.03 .. 4+0

I~~~1 p4-C -t7too 1tff 3Y 0413 20:
-9 2,.. .. - .

+- "0 L.651 04) t.4.520o 12.50.0 L..9) 1.3Ž):00

+-P4 At.BT.,34oo1 Ž,'+iA1+oi tO8&3,.X) 1.4420-() 1..eZ9400 .

++++.: • • 3 1.913.0o 2.,-2'7+) 1.152*0 1..t,1S4C'1.z9+0 L.A.50+o

+•+•-' " 9 3.328+0o 1-e. L•-oo 2.Loh+Q) 1.fl,.o++,._ *3R-.7O3 .y
: .jW,+ .- 343 .- A&)..-%' t"4 '0

/.+-.- -5 .. 9+o 3o+0 •,3+o zp.~o zS!O +9o

¾+/:-+- ~ S+o P,•+~ 2.3o .+3• t9 .~..



04eQ15.tted DaM Str*k-the f '~
-for tbza Vtbzstionl SctAtloC ?ntt C& LiZ (x 2  

a 2

V~w0 1 45

0 7.2m+00C
1. 9.4=,-03 7.3124W0
2 3.614-05 1 .9384)2 142

3 2-.&62&47 iofl2-S4- 2.986-W- t.63Thrv.4 5.389-f 7.916L.C7 2.14342-A04 W
5 8.o9&.09 3,696.08 6a183.Oy 4.795-a4 5,,t84)2 -.9624m0

6 4.e67.2z tfl.oB- 309..07r 1.515-M7 8.498.4k 6.n{Ae.
4 7 ~~2.579-12 £45-S -4AiO .60 Jf~~1380

6 1 8 6.276io. 6.3844)9g .159cSoZT 5.536.O8 5A.264W
9 4,599sf 4 g.99340 350 3391.O7- 5J4tS-Or 2.0i44-a

10 4.21;1 2.32z-o9 2J.26-W 7S2.OWD L124Sao 439

2
3

-47

53al

.0 24o.0
1- 5.3$m -U-0 -3a-S±Q 1096.M .&



1V 1.2&2

5AI0..8-.2 6.74k
5.8-7 1.o_4 434 220

-. W 2.4---3*5N- .47K

057 3 2-35

9 N--0 l" 1 .400 -. 0 72-g 6110

10



Twkle2

Iac~tdBn tewh(,,f

~~2 + al 2 9
Zi.';Or the A -x System of LiC

/V . 0 345

-. 0 1. 1634-00 3.7h9-01. 9.L79..02 1.9800- OP 3.7i67-03 5-VO--04
1 9-923-01 2.929-01 3.5G3-01 L .533-0.1 4-615C-42 IO105&0p }2 2.-443-01 1.2654W- 2.-56tl-t- aŽ .3,r-f'T 1.i691-02. 6.92e.Y2I.-.

3 1..706..02 5.&52U..01 1 .20)44M 1..ttY1Gc 0 -2580 L54-2-01

4 1.O7&O4w 6.o026-.oa 9.25L-01 1.005+0 8.778-02 5.132-02:
5 m .61-io 6.81i-0o& 1.3-12-01 1.2322+0 7.6,2-01
6 L031-o6 2.Qth-OT 2.381-03 2. 'C191 r)4Ss 48 5.3'35--3

1 ~~7 1.-998ý-07 3.9344-OC '4A24-0C 0 ~$O ,6÷s
8 9.,5#3 3- 0 6.59-,,T7 1 (lori.u 3A7i6-o50S ¾3644Cýw %xt--0t

F9 .59) 5.6IA4Y9g 1.26-o6 a.52rjýOý I,, 6motN; La.68&týc2
.o 48.4809 9.633-08 3.05%-O-C ' 0-0 ~ ~4

6 76

4.&-0 23S-0T X5.~& .-.-1-7F%.4

-~ I 9-~003 1ThQ-- 4  9F' yrA
7 2.bs'4.A&3 f ~; ~ ~ >

~~ ~ ~ b~~cbJ~.½ *--."

rA §r

~2 .- -- - - - - -- 5



Table 30
Screening Paraw~eters for tne Atomic Or'bitals

2:: Of EeO

I IAtomic &h-itals Screening Paramneters

U I (Fe) 25.3810

2s (Fe) 9.2995I
2p' (Fe1. oe444

I ~2p'ýý (Fe) .44
-2pr (Fe) i~44

3s (Fe) 4 558T

3pe' (± 4.2593
3Pw* (Ye) 4.2593

pr (Fe)4.2593
2s) 2.2458

-2pw
4  (0) 2.2266

SpN(o 2.-2266
4s (Fe) 138

&W (Fe) 3. r 6-

34&- (Frd 3-r66
2p~(a)2.2>266-

-. 3dv (Fe) 3 ,as66

......... .... . .4

-ý .



Týblo 31

Corv'iguratlion Sizes and Numiber of States for VCI Cal~culations of -Vrlous
Sytmuetries for FeG

Syftfletry No, of Cfg Re., of ststkeks
(fU2- CI)(to and In,

eluding first
Im~ic level.)

1 ~~~~3828(, (.)

3528* 13(+)g 8(-)

718 6(+), 4&{-)

1-
34.~8 13.

49 19

A 391661

A 19

2A 10

8o 12

6 3

12,'i 5
*Actual CI used was '329 which included all conffigurations of the
typQ F'o+O. Fe+ +()-, and Fe +

$I'*ActLual CI =,.,d wao 39.7 noruip I valence (Fe+0) configu-rations.

.~~~N ., .
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1586

54161
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-XA4Ling go4leculaw Statez o'f FeO wnd '%elr- lazoat

DSissoclut.on LAmt ~car3~e:..~~ ~ -_Li S : :"• n

ve + 0
5D 6 2 3 4.

3d 14a8 (2p ~ 3 ~i,5+~7+ 1

m. 5E4 -(a,) 7(2),q

5&(2 A(2), 7A~

"3 5 7

5F (3J4z) + 2Pg (2P4) 7~() +1() 2()

9 3j(2), 'f(2), Zj (2),

3 5 •

35 T'

N3ý' 54 -(3'

3 +3 •(2) •(2), ( 5O (2), o(),5 5 5

3d4s), +A- ), r (3), * (), (2).

-149
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Dioc~1nTable 32 (Cou aa"i)

5D 6 34

P 3da) 4s 2p) ()ý 2 ) ()

3 5 7

5p 3d-4 +5-+5

(2p (2),0 (2), 2 !(2) ,
1 5

3 6 T

3P 63 4 3 + 5 +

1o 1 (i)# ()

½ (32 Sl(3) , ~(2)8

3( 5

(3), (3) 5R 3) (3)

15 0 () 0() r()

(2....2)..



Table 3 (Continued)

Dissociation Limit Molecular Sta~tes

Fe + 0

(3 6 ~+ 3p (41 1. + 3 + 5+
Fg g (2),v. (2)0~1 (2), e_1)

3- 5- 3 3 s

5 3 5

5

Fe +

6 3d1+ 2 + + 5 7 (1 (
2 5 7.+

9 u

r ( ) Indicates number oI'P states~ for specifie~d symmetry.
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%hble 33

Energies of Iron3 anid Qxygen Atxnie States Representring
Di~sociation Limitn ofr ~w-w~ying FeO States

Atomic Statxas T~otal Bne=g (H~rtrees) 5D R eve
(Qaic.) Cale. Exptl. a

52
D p-1333.62565 0.0000 0.0000

S 1+ -1332.83456 21.5268 0.94a1

+ P -1332.82818 21.700Oý 1.5~499

D+ .D4-333.531.73 2.5557 1.9673

+ -1332.73559 24.2200 2.1986

3p+ 3p -3-3.47896 3.9917 2.3956

3g' 3  -1333.49520 3.5498 2.4298

+ 3 -1333.4T411 4.1236 2.584.9

S+ 41333.46338 .i6 3.9

aC.S. Moore, t"Atemic Energy Levels",, Nat. B3ur. Std. (U.S.) Circ. No. 46T(1949)
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v4tb tbie 36

.?tt±oFe& (Z 51-C x 5 z+I).

l~t 5

- - 1 6.523-06
8 .693-o .260

4 3-584-10 194 f47 ?530
S .5.2 5d14 2369.oS 'r 80-1.cr ý100

................
2.86110 2I12-1 I.--09 T.19 . .42o226L 6.9!& 3.361-101 3."of ~t4 14%4-O79 3-80-11 T.3&v 3.05-11 r.nnr.o 4.3w5-o 001n1

.........

~3

-2-0

10 313oc 2 355"' 6.09.0



I

%Ttbe 37

GaUeO1ated OsctUator Streogthw
(,...)Cfor the orane :esyutem or g•-r

0L V 1 2 3 4.
o 4.043-03 3.076.,o3 1. 326.-03 3.534-,04 6.4M4-05 7.69r-o6
1 2.083-03 8.-O0 4 21. 998-03 2.452a-03 9.3-204
2 4.106.ol 2.306-03 3.S-085 2-196-03 3.151-03 .5-9.03
3 2.501-05 8.3724)0 1.995-03 5.6520o5 I.42M8o3 3.-52 9-0-3

Jr 2 .6&3-07 7.159-05 1.173-03 1.60803 2.49o.04- 8.672-04
- 5.1.4.33-06 ils-8o6 i.a6o-oh t.41u-o3 1.282-03 4.2o-04.:•6 34�-4-07 6.579-06 3.5E5-5-- 1.74-o4 1.571-03 1.56-5-03

t14..o08 1.767-06 1.8o2-o5 9.31-.06 2.o31-04 1.669--3
04i 8 4.219-49 5.Oo4•8 4.947-06 3.77t.05 2.15-05 2.221-04

9 1.903,.9 2.-47,.)8 7.-926.W8 1.o04-0; 6.733.5 4.42-o5810 4.027-o0 2.5t74-o3 1.737-07 5.335--08 I.646-05 1. 0&m.h,,o

. - vi, 67 8 9 10

0 6.1:&847 3.464- &-.890-09 1. 2-8>03.961..I1
- .I 3..ctt$05 2.86t-.06 r.883&.Cq 1. 577--Wo 4 &t"otAo

a 44-. 4 I7.357--5 8.o a .6-a? 3.. s4&
3 2.5-3 7(.550-6, 1.rio..04 l69y-O5 1..1-o6

4 3746..3 a.69-- 1.-U03 26.3. 2.•0,5
5 5 -040 3.---3 3.-536-3 1 -51,i403 3.091-4
6 ..2 a.. . .&i03 I.9
7 5.554 14 3 4--319a411o4 7. 3j-6-05 452

9 11710-004 7.614-04 &314-04 3,5W0Ž4

IT
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4? 5. -01 34188-M 1408-Gl 2.-3fl--0 3-231-03- 2.78904)
1 3.54444. i.oob0.ox 2.852-M-1 -x9214.al 5.6560- 1-0102-W,

2 9.234-M0 3.73;9-o1 4.5%4.o 1.8- 834)1 2.294)1 &8ýO
3 9-4%5$-03 1.794-4 310301 5. 645-03 1-067-0 23
4 .563-05 2.4-78-m1 2.412..O 2.430.l1, 2.29I5-)2 5.2724)2

5 ? .6614)4 z2.762-a5 1 t.2aM I493 1%30M 3.468-.02
6 1 i 60.041 1.195-03 7.088-06 3AQ-04. 3.24L 364-.0

P. 8.9&-2.06 5-5ý444 3.2534)3 6-778l-0 6-77&,W 3.223-W
8 4.- 105-W 3.944-0 1527- 03 4.42.0Z, 4.415,0 .&X

9 1846 4.563-.06 9. 14&05 27-2 L76W 1- 2-3
10 3.033-at- 9.466"06 2. 571V) 5-368-03 5.3S.4--o 2-9---

yUyt 6 7 8 9 10
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4 Table 39

Calculated R-Ce-ntroid Factors
((r4>v'v") for the Vibrat onal-Rotkational

Treanition of F'e0 (Xz -' x IZNI)

'i- iv" 0- - 4 5

0 1.6304&0
N 3.931-02 1.6194W.U

-2..102.03 5.573.-02 i.648.oo
13.6887 6.843-i- 1.657+00
2:1'04 -i:3-6203 6 02 672n3 6BdO2 16&

4 -2.21G-05 3.777-04j -5-.179-03 7.921-02 1.t66400o

-2.721-07 5.-4-939i0 63.04 -c4 28-06 -193-0 .it3

-32675-o7 89.63-1-o -8.38-0 -o51.595-04 3.90 9.751-02

..... 0 6.144-W~ -4.265%09 5.859-05 1.097-o6 -7.642-o6 5.ý22&-05

00
1

2i 5---22 ,



Tab~le -I r)

Cale ;lated 1E-Centroid Factors
k<c>Vvt") f'cx the Orap~ 6yatem

of FeO (5ju 1xJ

-tvI 3 4 ~ 5

0 .6-o 1.2.-0 1.769.00 1.8-24-cTh 1.8784-00 1.95>,100
1.6>o i65 5 - 1.7313'0 1.78,0±00 1.838-'oo 1L890-00

1.551-UO 1.616ioD 1~9 0 1.757+00 1 -7 :3.ý-00 1.854±0
3 1 A L. '.C~ ) ..I §8-0 " , o1 1. 582+oo 1.791~-00 1. 800400~

-2.191d-01 1.54-o .5bIDTh0 1.65±o 1.831-4o0 I-.826--oo
1.6,76+00 -~1 3 -01 1A6:0 -568,.,-) i.6o8+oo 1 .850 ý(O0

6 1.-510--OC 1.6664+00 -4.93L-00 1.4ý5-4,-c 1.572+00 1.5984-00
7 1 .2 +Co. I .504 --C0 1649- -0) 5.298+00 i.468+00 1.574±00

2.163ý-00 l.250,0 1L9-O 1.633-00, 2.7.1'>-00, 1. 470-*00
9 158+oo 1.43~o .1) J 1.487--or 1.618-4-Co 2.158.00

1:1 1.399+-00 1.566-)o -'-,0n 1 1.113,rC0 1. 462 00 i.6o4--oc

/V6 7 .~9 10

4$0 2.2--O .-. d001 2.Ž22-' 1.C2.8-00 1550

17 1.970-0(, 03'<Y 225~0 2.110400 9.823-01
2 1 002,c 1.04 2.360+00 1.968+00

1 1C 1 12OJ 'JO 2.0149.-,O 2.558+00

9 I ( 1 5C CD 1 563 -015L-00 9.909-01
1; ±-~-'-~ 1L69137±' 1.5531-00 2.095+00

1U57 A.015



Table 41

-'alculted Band Stren.gths (pg, ve)

for the Vibratiola1-Rotational Trans-

ition of FeO (X 5y + I- X + I)

v I/v" 0 2

0 2.374400
2.465-03 2. 4 2+00

. 1.651-05 4.952-03 2.432+00

5.109-07 L. 9 5-05 7 9-o- 2.462+00

4 3.¼1-0b 1.742-06 9.514-05 9.849-03 2.493+00

2.125-1, .029-0# 3-082-,)6 1,531-04 1.228-02 2,r,2}'

6 7.398-09 5.236-09 8.254-O, 5.763-06 2.210-04 1 4750

7 5.208-09 -,8r2-08 2.141-09 1.301-07 1.057-05 2.87-

8 1.082-10 3.899-09 2.224-08 2.624-09 8.619-08 1.956- J

9 1.667-09 3.790-10 2.112-09 4.22P-08 3.549-08 2.058-o•

10 2.353-09 4.334-09 3.336-io 6.744-09 4.127-08 3.347 07 D

v 6 7 9 10

2

4

5
6 2.559+00

7 1. 736-02 2.596+00

8 3.425-4 2.')L5-02 2.634+00

9 3.328-05 4.ooi-o4 2291 -02 2 .6710±"

0 J..432-07 4.310-05 4.97)-04 2.536-02 2.706+00

17,

A, ?
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Toble 4 2

Calculated Band Strengths (Pv'v")

for the Orange System of FeO

(5riiI X5--j)

0 /"I 2 3 45

7.452-02 5.959-02 2.706-02 7.616-03 1.461-03 i.863-04

1 3.701-02 1.492-02 5.877-02 5.065-02 2.035-02 4.975-03

2 7.046-03 L.146-02 7.184-U, 4.355-02 6.583-02 3.517-02

3 L.152-04 1.454-02 3.629-02 1.079-03 2.865-02 7.462-o2

L 4.314-06 1.2C2-03 2.061-02 2.959-02 4.810-03 1.761-02

5 2.235-05 1.868-05 2.141-03 2.509-02 2.387-02 8.209-03
6 5.217-06 1.038-04 5.868-05 2.999-03 2.827-02 1.967-02

7 1.68-0-07 2.709-05 2.877-04 1.552-04 3.620-03 3.039-02

.3-170-06 J.59-07 7.674-05 6.104-04 3.632-04 3.911-03

9 2.660-08 4.131-07 1.196-0E 1.576-04 1.101-03 7.665-04
10 5.490-09 . 2.552-o6 6.1i8-07 2.615-04 1.791-03

v' !, 6 7 8 9 10

0 1.592-05 9-536-07 5.598-05i 4.o87-09 1.363-09

1 7.52S-04 7.476-05 5.255-06 4.711-07 1.545-08

2 i.o04g-02 1.824-03 2.118'-D. 1.654-05 i.313-06

3 5.037-02 1.779-02 3.462-03 4.533-04 3.296-05
4 8.016-02 6.543-02 2.672-02 5.595-03 7.686-04

5 1.036-02 -.,a:L-02 8.017-02 3.674-02 7.942-03

6 1.042-02 5.-957-03 8.976-0o- 9.416-oc- 1.042-02

7 1.696-02 1.172-02 3.126-03 9.553-02 1.696-02

8 3.150-02 1i551-0c 1.25i2-02 1.559-03 3.150-02

9 3.811-03 3-.177-02 ]..'- , -02 1.302-02 3.811-03

10 1..33-03 3.278-D3 3.150-02 1.466-02 1.433-03

I[

177
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iI
Tble 43

Screening Parters for the Atcaia Orbitals of UO

Ato mic Orbitals Screening Parameter

is (0) 7.6563

2s (0) 2.2472

Ts (U) 3,o630

5fIt (U) 5.7200

5fj* (U) 5.7200

5f6+ (U) 5.7200

S5t (u) 5.7200

5f; (u) 5.7200

5f. (U) 5.7200

5foa (U) 5.7200

6d5+ (U) 2.4240

6da" (U) 2.4240

6d+ (U) 2.424,0

6d(; (U) 2.4240

6d&r (U) 2.4240

+
2pr (0) 2.2262

2p ;* (o) 2.2262

2pa' (0) 2.2262

176
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Tab].! ,

Configuiration Sizes -idi 1umb.!r ol' ':tt.u:' for VCI Calculations of
Various • + o O

SylwxŽtry :o. of No. .. fio 9 of States

' ¢I) (.'twu, (to the first
run:) two dissociation

J.i its)

131

-2 _- 3, (+ ), 3 (~,+
-' +'.j- (+)e -_ (-)

-•.; '- - .• ( + ) , 3 ( -)

F7

7,1•

7 -.., ± " .' ?

7 A . .'. _

f4II

1~1

7 -I .4



NO, Ofý CfgiS. No. of States

SCI run) two dissociation

667 6

*~7- 88 6
1i

748

31148 6

5 Lt459 6

7 59 6

31 748 6

2839 6

5

55

55

A. 7'8 3

811

31

2
180



TabL lui51

low-Lyjiig Molecular Sta~tes of' UO aid their Dissociation Limits

Dissociation Limit M4olecular States

U + 0

L~ (5 376d) + 3P.(2') () X
LI (()2p2)

-5, 7 3

S(3),, 7 -V(3),

A7(3) N 7

Pt ( C, A 5, a(3), r 3)

3 7

U:10) (A(,

1 3)), (3

A~ (2)A)2)

0 ~ - -Z~ 7



Ta~ble 46

Buewgies Of UMaIUM Atomic and Q)grte Atomic Stvtes
Eepresezting Diusociatica Limits of Im.w.Iing UO States

Atomic States TtlEeg

5 3 -.62.1984i2L + p

5 3
K + P -62.20129
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TABLE 48

Spec troscopic Const-alts for Bound States of UO

D ~62588. cJ,7.7 6 v

we -10

=2,686 cm
-eXe -

=0.00149 cm

B 0.3321. cm
e
r 1.84

G. DeMaria, R. P. Burns, J. Drowa~rt and Ni. G. In~bran:
___ "mass Spectrometric Study of Gaseous Molybdenum, Tungsten,

__ ~and Uranium Oxides p' Journa~l of Chemical. Pysics, Vol. y

___19nO, p. 1.373..

S. D. 'Irbv-Wncsk, G. T. Rf-edy and Mý G. Cha's'ancw: '"1hC
L-flfax'ed Spectra of Matri'x-Tho'ated Uranium Oxidc 3m'cies.

__ I~~~~~~. JTbe S t -tching Regiov", lo bi- r1tF' ot~w or~
of e~ hyds

. .
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Table 4-9

Calculated Oscillator Stregh (C
for the Vibrational Rotational TranItioni

Of UO

4s 0

2.29~-07 239o-0W
3 8.633-09 7.2-00-07 3.556-05
41.455-09 3.417-08 1.455-o00 4.705-a5

5 1.772-10 4.427-09 9.Sý3b-0ý3 Žý.470-Oo 585-

"/ 155-1 1.1-09 i. -io-o0, 05-41 3.76o-06 U.9901-05

7 3.i 4 -i12 ~.1.94-10 5.0d5 -0ti 3.47u-OS 3.673-07 5.345-a
8 '53.884-11 t1.1 -1l 1.3u-7 -9 I.420 73Zr0d '.-7

9 9.SaO-1 I .I i 4-:U 1.9199-10 3.9-9-09 L:.,)i-i tX- 0

*.10 1. 720- 12 .,--32-1 7.3&44 -.~bL tc1-

I7

/ - 3
14



22

I.CUte R-etodFcosrg h

3.709 ¶tb5oe-o

'-0 5.5-
3~~~~l -a-2.1-43 6.4-/ ~~m 1.87634W18s~o

4 8.831-o6 2.028-04 -3.711-03 7.455-W2 1.8694WC
5 1.149-c6 Z.012 -05 3.14-04 -4.7W9-03 8.3lsqa 1.876.006 -. 2 93-07 1.061-06 -3.190-05 4.476-404 -5.8a5-.03 9. -0W

7 .2567 -07 6.972--07 3.304-06 -4.823-05 5.98604 -6.990-03
* 8 ~3.544.) -. 1.8 .97) 6.443-M6 -7.159-05 7.5. -09 -3,247-08I -169o 4.3ev-o8 -1-292-06 9.317-06 -9770

10 -2.266-07 1.027-07 -6.01947?m 1. 121 -07 -1.682-06 1.286-05

6 89 10

2
~/ 3

4

-8 .9o(P q~3 1 / Z.fVI-,)I '6A
9 0.2-0-.C'U03 I 1SVOs.t.O

10 -1-238-404 117~-.3.C 1~



Tab le 51

rnalculated Pand Strengths (p v Vv,)
for the 'Tibrat tonal-RotatIonal Transition

of UO

"3 5

7.247-01
4.3888-o0 7.159-01

2 ..6950-05 -.1754-03 7.059-01
1.171-06 1.4-69-o4 1.457-02 6.959-011. 1.4P5-07  4.665-06 2.995-o4 1.94o-02 6.866-01
1.4h51-O 14.5L8-07 1.269-05 5.11O-oh 2.429-02 6.776-01S I.O5-00....-.005-07 1.436-06 2.846-05 7.832-o4 2.922-02

7 '.06o-1o 1.313-o8 4.222-07 3.620-06 5.396-05 1.121-03
3.560-09 3.630-09 9.4191-08 1.039-06 7.702-06 8.792-05

S 4.-530-09 5.8'92-09 1.194-08 2.775-07 1.752-06 1.284-051C_ 7.162-11 2.56q-09 3.872-09 1.195-08 3.390-07 2.156-06

v'v" 7 8 9 10

1

L

9 6,.97-01
7 3.411-O 0".59P-01

1.508-03 * '.,8 8-0P 6.506-01
i.1,P64-04 i.o"6-03 4.350-02 1.266-04

O 1.76-05 4.'-OL 2 • 76'-03 1.769-05 6.317-01

I•8 ...



* I
kble 52

Screeanng Parameters for the Atlc Orbitals of UO+

Atcilc Orbitals Screenizg Parametexs

s (0 T.6568

2r. (0) 2.24712

To (u) 3.0630

5f * (U) 5. 4,200

5f" (U) 5.7200

5f -3 (U) 5.7o100

5f- (u) 5.200

(U) 5.7200

2pr- (o- 2.2-62

2p-'r (0) 2.2262

2p cr (0) 2.226-2

189



S .. .. •53

-No ofS•e

(to'x

483 119*

335 T5-

* 132 if-)

rI 13 3
42• T W5* 3

S4 •293 65* 3

4 6& 63* U 3

2z 368 3

"245 53 3

51* 9 3

r 295 69 3

1.440 3
6 38 6 3

222 50 3

i'jj 139 27 3

1.90



¶Table 53 (Conltinued)

No.atCjs. NO* o StatesOruly~ ~ ~~ I C-. 4)(oW Dg level)

154 33 2

93 IT 2

61 15 2

98 20 2

455 9 5

6 8 1 1.

*Mldioates aetu1 configution list used.

191



e+o

2 4 6

40W 4(3), 6( 00 (),

2 4 6
r(3).r*(3). r*(3).

2 4 6

2 4 6
~(P)# 1(2)0 1 (2)s

2 4 6

(4 M

~~kK.



Table 5 5

Energies Of Uranium lade and ftgern Atomic States Ibprezentliog
Dissociation Limits of lap-Lying uo&' States

Atomic States Toa 4r (Iimrbves)

644

bu+-9.63

193
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'roble 58

the vibwstiom1-1Rotat tonal 0mnltin o fl v4 fl

1. 1 234 5

1 1.031-05
2 .093-08 2.014l-5

3 7.074-10 P -003-07 3.036-07
4 2.598-11 P.9'q?-09 3.877-07 4.017-05

5 .2-2 6.191-12 7A&6-09 6.249-07 4.987-05
6 1.015-U 6.438-12 1.016-12 1.614.08 9. 12i-07 5.945-05
7 1.119-11 14.399-12 9.378-12 1.867-1-t 2.848-0 1.291-06
8 3.812-13 1.o5q9-l1 .488-11 1.6cA-11 1.950-10 14.385-OP
9 7.778-12 1.%6.12 1.639-11 3.911-11 5.753-11 7.0:N;-10
10 6.214-1' 2.462-12 4.80D5-12 1.798-11 4.o92-u 8.425-11

v'V" 6 7810

25 2
II; 3

4,7 6.8&3-05
8 1.643-a6 7.816-05

9 6.30-08 o.081-06 8.728-05
10 1.501-09 6-585-08 2.567-0 9.623-05

19T



rsi½ri1fted DP('entroid M .~fr

thie lbq on~rts#!-4tt onal8 rtuisi t m of' Uno':'

2 -?JS440~ .1"0-02 1 .8504C^

4 3"&7.v 1?5~3O -r0.4 I.P7? 4M

5 Q60-m -1.77~0 .'-i J*&- 3  81Q.) L740Cý

6 -. 237-07 1 .,wki-o6 4.Ao'3-o4 ts.30-04~ -5.730-03 8~-Y
7 q25-8 ?9-cr -J4.755-Oc -.479;--01 5.74l3-01, q)9%..)

7.291&-08 -7.o0t-09 5.4,34-0E 5. 4o 4.r38-ovi 7*~P. )t.
412.0.... 8.J.S4-o8 -5,5q6-o'? -5.59(,-m7 K0-O ~

vv 9

0

3

V 7 9.73Z4-W 1.6%14W
A -7.872 -03 1.04P-01 1P70

9r-~. 9 4P-0 3 1.108-01 1.CJoiýs4

ir-4n3 .9 0101.7



Table ]K.

oLcul•ated Band Strengths (N' v")
for the Vibrational-Rotational

Transition of 1J+ (Xhr -Xhw)

v I0v" 14 5

0 1.931-00
1 4.018-03 1.956.o0

1.387-35 8.010-03 1.983-00
3 9.253-08 3.94'3-05 1.199-W .,x., )

4 2.558-09 3.939-07 7.683-05 !.5. _ -'. 37-00
5 4.763-1o 6.134-10 1.035-06 .'... .1.996-02 2.065-00
6 6.704-10 5.120-10 1.013-10 2.1,: - 1. -',-32-04 2.396-02
7 6.358-10 2.926-10 7.508-10 1. P.-.,. ..25-o6 2.529-04
8 1.901-.U 6.055-10 9.961-10 1.3( - " 1. -.72-08 5.931-06
9 3.459-10 8.867-11 9.434-10 2.6?- -',- ". .66p,-09 7.150-08
10 2.496-1 1.102-10 2.429-10 1.0o. .777-09 6.883-09

v'/V' 6 7 8 "

0
1
2
3
4
5
6 2.093+00
7 2.795-02 2.121+00
8 3.344-04 3.193-02 2.151+00
9 8.582-06 4.265-o4 3.590-0M 2.186,-00
10 1.538-07 1.177-05 5.296-04 3.985-02 09+:Y:

(10

1-99



TIABi. •' .1

,:,I Pat'rnct-rs t, the Atom:l,. Orbitair of TiO

A' J•" • )t'h:,:eJs 
icreening Parameters

(o) 
7.6579

S (:1) 
7.6883

S. ..... P.2458
p: (ii) 9.0324

-p- (!) 9.0324

( Ti) 
3.6777

,P 7 
j.3679

ýp -T (Ti) 3.3679
-P (Ti) 

3.3679
p (O) 

2.2266
.P< (0) 

2.2266
;PT (0) L .2266
4s ) 

1.2042
d (Ti) 

2.7138

3d - (Ti) 
2.71385d" (!i) 
2.7138

3d 6 (Ti) 
2.7338

3d8 (Ti) 
2'.7138

0

twm4

200)



TAME62,

Configuration Sizes andi Number of States for VCI Cakculation
of Various Syunetries for Tic;

~1eryNo. of Cffgs. No. of States

(to 3 F +½" level)
9 9

7 5j4  7(A-) 5(-)
i-no 15M4., SO~

700 11

3 jq 1,050 27

14.04 16
77

14597 10
3

861 23

5A 324 14

A4 3-9 4
1,

434 7
30 626 16

5. ~2149

22 2

. - if*2874
3 r ~3829

'~; 20 5

Y7~ 81

152 3

2003

H50 3

201.



T - -6

Low-Lying Haolecular States of TiO amd their Dissoe.lation Limits

Dissociation LimIt Molecular States

'pi 4.0

T-I 03 F( d2432 +3P 2 4 1 + (2 v5 + ( )tI1-0

(d-X00(2), '(H), '(0), W(3),
1 3

V(2), 50(2), 55(3), *I(2),
5r(l), 3X2)

F4' (3Am• , 3 + 5(
- 5 7

5 17.

7'(5), Ar()

33 3
3i#(2) 10(2), 7' 0 :(2), 31(l),i z$'~51(.), 7/() r()

-F½ 2 + ' 3 (2p 4  t((2), 5.: '(2),91 1
3 3 F) 51:-(l),, 11(2),, 3J(2)

1" (3ti i) + • } • ) .(3), 3•(•), '013), 'A(3),

3o(2), 3 #(2), 3 .oj

202



¶~EB63 (Contixaed)

5• 3 3•

3 G (3a3L) + 3p f(2V4 ) 'tN(:) 9 32t(), 5sg+(1), ½1-2)
g 3Z-(2), 1ZN) 13), 3813).

517(3), 't(3) , 3S(3), t( 3),

'00 ), 3), 3) L2>H (1)

,Dg(?P)s) (2), 313), 31Y(5), 3,&(4),

13#(3), 3r(2), 3uii(3.)

42.-

:,ya

,,-

A:



. . .rgS.ea of' Titem .. AtAsfr and a Atai_,. A t"States

I -eati!g DtSSc~atIO& litaltz ofTWtZWt Tt. States
--•

:}i• •.--------------- e rgy RelatiLve

I "g +3  .00

5F + 3 -92LCQ0D6 961235

I
9 9

3M + 3p -*o.297O0 1.6964

3p + 3p1921.96

9 9IF -q1.1p ~ 9.4296

1G+3?--2.6. 2.6131

lp+-p-92o.W452, 11-0876

F + 1D -921.2623-1 2.5559

t 9

204
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Takde 6 j

Calculated Oscillator Stmeagtkw (f,~ for

the Vibrational-Rotatiowil Trans:i oms of TI) (x -X A)
v\ 0 1 2 3 4 5

4 0
1 2.494,-05

2 5.029-09 4.865-05
3 1.755-08 3.00X2-08 7.140-05
4 t).J4 92-10O 5.094-W8 JlI2Q-07 9.3330-05
5 1.943-10 7.489-10 9.087-08 2.613-07 1.145-04
6 .1.377-09 1.745-09 3.620-09 1L.337-07 4&.819-07 I1.349-o4
7 2.644-10 5.593-10 3.244-W9 1.152-08 1.805-07 8.106-07
8 2.237-.U 188- 1.016-09 3.158.09 2.110-08 2.276-07
9 3.581.10 6.794-n1 6.120-11 2."9-09 2.854-09 3-609-08
10 9.6o2-20 3.553-10 1.217-10 8.537-14 4.707-09 1.640-09

6 7 89 1

2

3
4

6
*7 1.545-04

220



Tk8Lu 68

Calculated Oscillator Strengths (fvtvit) for

the Ganna System of TiO (A3#-X34)
Y'

v /Ve 0 1 2 3 4f 5
0 3.102-02 8.105-03 1.095-03 8690 .4-6 1430

1 1.271-02 1.319-02 1.084-02 2.547-0'j 2.92ý-04 1.9o8-05
2 2.713-03 1.720-02 4.057-03 1.039-02 3.886-03 6a.14,7-.'
J 3.976-04 6.397-03 1.666-0(2 4.933-o4 8,384T-03 4.-ý65-03

4 4.419,.05 1.360-03 9.862-03 1.347--o22 1.050-04 -bk81-03
5 3.793-06 M.18404 2.858..03 1.-;34-02 9.416-03 1. no)o-03
6 2.367-07 2.171-05 5.365-0o4 4.Y50-03 1.351-02 5.'*34-u

7 5.616-09 1. 4,-06-,Y 7.1214-05 1.105-03 -P)8-03 1. 3338-02
6 2.372-09 1.771-0ý3 0.026-0.. 1.7(62-o4 1.943-03 8.7140-03

7.29-09 1.028-08 1.6-07 1.6'(0-05 3.6850 3.3-03
10 4.449-09 1.358-08 2.5-08 8.1),-0 h.661+-05 6.-796-oh)

VI 6 7 10

0 4.953-09 1.769..0 9 6.171.1 -1 5.-25;)0 1-(175-1
~~t 1 9.597-0 f .0-8 19~90 .A 3.78 -10f.2 5.211-05 3-173..06 1.778-07 3.4!t9-Y).i(1

3 1.024-03 1.P-7O+ r77r)-Yý 5-181-07( 1.514+-08
4 5.373-03 1.-475-3,3 1.:5-1 1.643-')5 1. c14-06

5 3-547-`3 5 1-`A-) ~.9'1-03 3.0-4 3-0ý3-0`)

V650 .J-3o
1.4-3 5ý50

7 2- -3-0 3 -ý05-3 5 A )-4 4.1 'ýuý )6 -;,)



l~be 69

CacIII~ted OscillIator Streugtha (fv y.) for

Athe Gams IJWit System tXTL (B39 X 4

Vt/yU 0 3 145

0 3-784-M2 8.1430-03 1.065-03 5.2b5505 6,.23.',.-07 2.238-08
1 1.392-02 2.02%-02 1-093-402 2.151-03 1.227-04 1.077-06

2 2.1.43-o3 1.966-m2 1.150-0 1. 101.02 2.971-03 1.768-04

3 1.3214.C4 14.667-03 2.171-M2 7.104-03 1.026-02 3.518-03

4 2 -987u.07 3.627404 6.893-o03 2.213.-02 4.961..03 9.312-03

5 1.291-06 3.228-07 6.036-,04 8.597-W2 2.198-02 4.023-0,3

6 4,.414T-7 6.931i-o6 1.98-08 7-926-04- 9.743-03 -.. 17)4-02

7 5.666--d8~ 2.590-06 2 .003-05 2.'48-Ci6 8.884.&0 1-037-0-2
8 5.683-09 2.1435-(,7 7.254-.06 4.428-05 1.496-05 83.683-04

9 2.745-11 5.617-10 6.023-07. 1.452-05 8.332-05 4.768-05

3.0 34718-09 6.24,5-W 6.568-W l.a%1-06 2.459-05 1.377-014

v/" 67 8 9 10

0 2.618-w9 9.270ý40 8.8"114l 7.852-10 7.1438-12

1 1-038-(Y 3.670-09 2.620-11 3.022-1Z. G. (97-10

2 9.115-07 4.043-07 5.91-9-09 7.0z0-1LO 2.871-10
3 1.950-01k 2.,; 14f 1.!.56.0o6 ~>.052-09 3 -01 -10

4 3.W3803 1.732-0o4 5.015-U8 .34 3-06 1. 3 92--09

5 8.391-03 3.-98T-03 1.2-25-04 1.312-06 3.W9-0ý-6

4.6 3.815-03 7.57M.3 3.998-03 #6.0171-05 4.j387-o6

7 2.1%.M.- 14.140-03 6.855-03 3,897.03 1.01Y -05

< . 18 1.052-W2 2.139-W2 4.954-03 6.181-03 3..xc9-03
9 7.1425-016 1.023-02 12, .4--W 6.2b..803 5.4(ýý-03

10 1W14 53804 95" .190



• Table 70

Calculated Pnc-odnFactors (,,)for

S jthe Gamam ystemaof TiO (A43  x )

0 1 2 3 5
. 7.138.01 2.40-01 4.1o9-02 4.441-03 3.4l-oP 1 dY76-05

Si 2.392-01 3.0o96-01 3.337-01 9.98T-M 1.567-Mt 1.559-03
2 4.155.02 3.307-01 9.635-02 3.332-01 1.592-01 3.413-021:1st; 4 3~.1395-W 3.307-021 .801 2761 3.203 .38143 4759-03 1.005-01 3.271-01 1.132-02 2.795-01 2.077-014 3.739"04 1.694-02- i. ,S8501 2.706-011 3.602-03 2.038-01

5 1.809-05 1,831-03 3.703-02 204.0O01 1.933-01 3.538-02
'1-:•, 6 3.055-07 1.29-04 2 03 6.372-aw 2.295-0o 1.175-01

• 7 7.•13-09 3.i17-o6 4.526-04 .149-a? 9.429-e2

--. 8 1.126-08 3.167-08 1.734-05 1.257-03 2.12302 1.252-01
i,9 •4.571-09 9.498-o8 1. 197-08 6.716-05 2.,82403 3.477-02

10 1.566-09 3.196-08 3.800-07 -.0W9-U 2,04-04 5.758-03

v;jA 6 7 8 9 It0

0 7.87M-07 1. 522-08 2,509-10 2.744-0 2.457-11
i .069-04 5.2 5-o6 1.08-o7 3.705-09 6.237-10

-j 2 4.314-03 3.f,'78-0h 2.008.05 7.863-07 2.t1-508
3 5.890-02 9.2-22-03 94102-04 6.061-05 2707.0,03(6 .8.-. 6a"" -" )' .4-

1.5.79-01 2.499-01 18?-01 23- 3.683-03
7.91t0 ,t .44 ý4- 2•.423-01 .4.4&)-o! 4.Ot -t-
5.694-aQ 1. 174).01 2.31i-0i 2.188-01 1.751-01
2 .171" Ol 1 .7 qY 0-" OPh ~ e-6.t• -03 I,. -s W- ,f,,

1.9 0- iV-01 1.141-03 1.ju3-01 1.711-03
10 :.1T 4 ,-01 14 rtO 3.319-03 1. 354

1- "3-

K•:': •'

.I " >

--.. :.-,..-• 23 "
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At-.~

AN

$703
* 3.- rThW 24"3Th46o .60a

4-5,-. 299a f4TM 6460

7125oT 2170 32&C '3.G 64-3L914
8 9-4&%45 25-35-0- 5.&A1-05 .9-3 .4.5 .691 a 23V&09 4.03-0 2.1?123"W T$.C7.20 1.99.o3 E .
2 .110 31t 2.3Q9.ý 3101i.o908.a 1.849&03

4 ' ?.1$46 T.30 8.3.O 3.6-1 z5C 2950

~ . 8 AsI~c 5.35-01,5b49-W 85. 94 .i6 Lo

2 6.510* 2 8 1,1W0.0
3 14h27-oyt2W4 .0- 2.31-$16,03.x %59ki

2. 53OjRT T~42-O 3~e6-~ .44&09 s 6~&I

( S 1A -C1 3.59-01 9.80?.. 2.6rC.e -a7~0

* 9 4.2f-osi -32"-3 *240



Ca&sculated R-Ceu anoid Faeto rs(4a b( hI!v
if ½ 0 .62 6+00

1 3.740-02 1.633+00
-2 -1.701-03 ¶301-M 1.6240+00

S3 1.2?8-04 -2.955-03 6.-506-02 1.648+00
ý4 -4-08'-405 2.531.4o4 .4.193.0 7.-528-02 -1.&5+00
5 1.910-06 -2.61&035 4.023-04 -5.431-03 8.342 1.663+O0
6 -7.031-07 3.339-M6 -J4.62&-05 5.715-04 -6-674-03 9.-259402
7 -1.642-0S -7.2-04-0W 5.92-3-06 -7.192-05 7.594-04 -7-923403

- - 8 2.46-4) y~~-08 .9.471-07 9.633-06 -.1.O15..4 926J
-1.079-07 1.959-07 1.3414)7 -1,432-.06 1.4~43-05 -1.368o44

t. 9'' 10

0

4.

6- -9-.&-03 i 0



'table 73

CalculatedRCnrl MUt-bUJM CvwiWfor

/ ~the Gams Sstaw of TIO (A 3 wlX~

A 0 1 2 3 45

0 1.647+00 1.71940 i.. 763+00 1.1i64-600 1.909400 1.970*00
It3 1.5864o0 1.654+00 a.72a+oo 1.791t00o 1.85_1+)oo 1.916+W0
2 1.518+W0 1.5944W0 1.657400W 1.736+00 1.79-9400 1.861400
3 i.*44o'r 1. 529*0 a.603.oo ±.4I .As40 1.8074W0

4 .3_36+00 1.454400o 1. 53900w I.-hX 1.53+0 1.754*0
5 1.1594M0 A.358+0r) i.467.0o 1.54,9+00 1.6174W0 142I7.0

6 5.~9Q29i 1.2o3+w 1.376400 1.480*00 i. 5594w0 1.622+0w
7 3S047+W0 7.653-01 1238430 1.394+00 1.4924W0 1.56&00

38 1.696400 3.709440 9.W9-01 1.2694W0 i.4i0+Oo L 504+00
r '9 1.486.CX 1.750400 9. L9g5 00 1.0D1).00 1.296+3% I 14.24"0WI Ii 1.4414M0 ti-.&&Cw 1.828400 -3-279400 1.075+ 1.321*00

UA T8 10

0 2.324 2.144W 2.384W 1.75-340W 1.0%4&-l
2:.045+W 2.149+M1 't94WU0k

2 1.9;Ž34O3 149W*8+004 2 2.22,54W
3 1.669+W .1-9314W009ýW W 2- 4*W

4 1.715A .72W 1.9338+W 1..t3flW 129070cW

7 .Q20 1.7725403 1,.763*0 1.834iow 1.900+W0
1.52.01 1.608#wC4 1.4&.00 t1r!oio a.-h

1.57715 1t608() L3' .&30 .4nF'. in 1.~t414 L 526i*x 1.94 199*4 1.749&

Z



Calculated Ri-Oeatrud Noators (0.
- ,for the JBarmn Prir Syste-m of WiO B3SW - X-OA)

1~~- 4

A ~~ ~ 1 pwS- i4.#O+~ j.o 175 ~l3~ 2. O5iC
2~~~~~1 1A~c 1.Yr 784-1+00 l.374tt.s1.05. 1

1ltQ 1. 4  3+4 l~,1it + i.649+.'c 4 .$hwo+C" 1.&BI6.oo
41 i:u74- + A44$ 1&c i&¾~ ~~&

.. < c -r -.~.1. 41 *.C 1..84&X 1.489ic

1. *.j2
4 

A0 1 U' 35&c

IV-

"t:Urz? 4:t{i :t*tgj. -L T c-' .



Alt !

I_2.-•: -- '-•-t " - k '~-Tabl 75 ax4

0 12 3 14 5

0 2.442400 1.62 1.662-06 3.8&4-06 1,0&07 2.601-08
1 1.6W2-c2 2.3454W0 3.231-o• 2.001-05 1.13T-05 1.259-07
2 .1,662-06 3.23-- 2.254+0W 4.781-W 3.787-05 2.045-05
-. 3 3_• 1.001.-0 4,48ta 2.169200 6. o2-W2 8.858-05

14 1.0Ž-07 113T7-05 3.767-05 6.3024)2 2.08-7+00 7.798-02

5 2.601-W8 1.2W-U- 2.045-05 8.857-05 7.98-0 2.009+M0
6 5.880-08 2.357-07 6.1-T-07 3.034-05 1.64&-04 9.267-0w

T 2. o,50-08 6.321-03 4.$418-07 1 .9y 0oýy 4.134-05 24-C
8 .LSi7- 1.831-09 1.158-O7 4.338-07 3.639-06 .255-05

9 2.704~-W 5.&)8-O9 6sxo5-o9 3.44.8- 3.99t0 .280
210 9.476-09 2.7fl-oi 1.050-W8 8,450-2 5.7459-W 2.292-07

6 7 • 9

--. 0 )..805 - 2.550-08 1.&YtA9 2. 9.478"9
1¢ . 2.357-07 6S0-0 1,831--o9, %809--9 2 .141k-

3 3.034-"5 .970-06 4.338-"7 "' 1 .4-O
-14 1.648.o4 41434-o5 3.63-R-00 -3.995h-4 %½9ý -07

5 9.2!67-W~ 2 -96*-CA0 5.5-C 6.27&-& 2.9 w)
1l -- 94-s -0,-5799-

4.t 8 V T- 1.211-01 1.790+w0 1YTO 9.t06k-4i

9 $.A94-05 t.3ik-4 1.W&z imr.34oo W.8-o-I

"10D 94ý?¶k)6 WI9 1.VO aA8-01 1 .65a840LO

41

¼22



Table 76

Caleulated Dand Strengths (Pv~vw) for

the Gaem System of TiO xA 3 )

/ rV" 2 3

0 1.t457-O0 4.099-01 5.995-c2 5,180-03 247-04 1.022-05
1 .2-01 6.255-01 5.53M-1 1.0-01 l-.76om( 1.261-0312 1.135-01 7.688-01 1.944-01 5.363-01 2..,12-01 3.743-M0j3 1:579-02 2.704-'01 7.522-01 2.388-M0 4.372-01 2.748-01

4 1.671-03 5.458--M 4.211-01 6.142-01 5-136-03 3.09961,
5 1.369-04 7.709-03 1.158-01 5,325-01 4.339-01 5.M-02

16 8.176-a6 7.914-04 2.070-02 1.944-01 5.889-01 2.6234011 .6-07 4.97-05 2,62-03 4.0-W 2.8.1-01 -5.89D02.0
8 7.553-0 5.20 .12304 65-3 7.5-W 3.651-01

_9 2.238 -0 3.0-m- 4.596-06 6.6%6-& 1.384-02 1.20-01
10 1.316-07 Jis205-4( 8.9"5-07 2.799-05 1.677-03 2.580-02

v6 7 8 9 0

054co-W -0 1.6194YW 6.503-09 6o512-08 2.662-10)
1 7.018-05 4.1-6 1.805-07 3.117-12 4
2 3.1481-03 236-4 1.470-05 3.202-0M 1.800408
3 630-w2 7.373-03 ~.i-4 4.333-05 1450
4 .6-01 9.177-02 1.333-02 1.4-03 1.008-4*

5 1.889-01 3.126-01 1.211-01 2.146-02 2.31i2.03
6 1.316-01 9.8-02 2.953-01 1.483-01 3.173-M2

7 1.281-01 1.920-01 3.220-02 2.604-01 1,706.01
8 5.401-0 4.255-02 2.254-01 3.5142-03 2.101
9 4.360-01 4.562-01 4.20-03 2.289-01 2.143

10 1.745-01 4.852-al 3.539-0t 3.732-03 2)0o67-01

229



u Z 77

The Cmmu prime Systesi of Tio (B3 a-..X3 )

vo-v, 0i 1 2 3 4 5

0 1.532-00 3.637-01 14.914M0 2.619403 3.332-05 1.299-06
1 5.351-01 8.279-01 4,751-01 1.000-11 6.127-03 5-803-05
2 7.836-02 7.612-01 1.728-01 4.821-01 1.391-.01 8.889-03
3 4.618-03 1.718-01 8.W6a-01 2.900-01 4.525-01 1.659-01
14 9.955-06 1.273-M2 2.555-01 8.681-01 2.066-01 4.132.01

5 4.121-~05 1,083.-05 2.132oO.2 3.2o6.o041 8.678.01 1L.68-6-01
6 1.362-05 2.226.64 6,6104-0 2.817-M2 3.655ý.oz 8,629ý--01

7 1.667.c6 7.979-o5 6.4.86o4 8&,985-05 3174-,M 3-911-01
8 1.609-07 7.206-0.6 2.2T47-0 1.438-03 5.104-04 3,.118-02

9 7.49e-10 1.599-,W 1.792-o05 4.521-04 .7-19-03 1.635-03
10 9.792-08 1,714-07 1-880-07 3.221.05 7.695.-4 4.0511403

elv,* 6 7 8 9 1o

0 1.659-o7 6.469-oPe 6.856-o9 6.839-08 7.382-10
1 6.00,.06 2.344-07 1.8142-09 2.360-10 5.961-08

4.2 A.9"6-05 2.380-05 3.806-07 4.995-08 2.256-08
3 9.870-4, 1.399-05 6.845-05 132.7-07 2.592-08
4 1..823-0o 8.818-o3 2.754-o6 1-396-o4 9.x48,-8
5 3.745-oi 1.9o2-ol 6.273-03 7.,)4-t5 2,391-04
6 1.607-01 3.399-01 1..917-01 3.095-03 2.432-4
7 8.593-01 1.753-01 3.089-01 i.876-0o 5,6714-0
8 3.986-01 8.576-01 2.107-01 2.797-01 1.783-01
9 2.679-02 3.894-0i b.549-01 2.683-01 2,497r-01

10 3.898-03 1.956-02 3.647-01 8.465-01 3.50"-01

"4 230

47 t, ".
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